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THE GAUGE GROUP OF A NONCOMMUTATIVE PRINCIPAL
BUNDLE AND TWIST DEFORMATIONS

PAOLO ASCHIERI, GIOVANNI LANDI, CHIARA PAGANI

ABSTRACT. We study noncommutative principal bundles (Hopf—-Galois extensions) in
the context of coquasitriangular Hopf algebras and their monoidal category of comodule
algebras. When the total space is quasi-commutative, and thus the base space subalgebra
is central, we define the gauge group as the group of vertical automorphisms or equiv-
alently as the group of equivariant algebra maps. We study Drinfeld twist (2-cocycle)
deformations of Hopf-Galois extensions and show that the gauge group of the twisted
extension is isomorphic to the gauge group of the initial extension. In particular, non-
commutative principal bundles arising via twist deformation of commutative principal
bundles have classical gauge group. We illustrate the theory with a few examples.
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1. INTRODUCTION

Noncommutative gauge theories have emerged in different contexts in mathematics and
physics. The present study aims at a better understanding of the geometric structures
underlying these theories. The relevant framework is that of noncommutative princi-
pal bundles that we approach from the algebraic perspective of Hopf-Galois extensions.
These first emerged as a generalization of classical Galois field extensions and were later
recognised to be suitable for a description of principality of actions in algebraic and non-
commutative geometry. Aiming at the noncommutative differential geometry of Hopf-

Galois extensions, with a theory of connections and their moduli spaces, in this paper we
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study the notion of group of noncommutative gauge transformations.

For Hopf—Galois extensions the group of gauge transformations was considered in [4]
and further studied in [3], (see also [9]). An unusual feature of these works is that the
group there defined is bigger than one would expect. Classically, the group of gauge
transformations of a principal G-bundle P — M is the group of vertical bundle automor-
phisms P — P or of G-equivariant maps P — G, for the adjoint action of GG onto itself.
The pull-back of these maps to the algebra of functions gives O(G)-equivariant algebra
maps O(G) — O(P). However, with the definition of these papers, for the Hopf-Galois
extension O(P) one would get the bigger group of O(G)-equivariant unital and convolu-
tion invertible linear maps O(G) — O(P), which are not necessarily algebra maps. This
suggests for gauge transformations to retain some algebra map property.

As a way of clarification, let us consider the simplest case of the bundle G — {x} over a
point. This is an elementary example of a Galois object, that is a Hopf-Galois extension of
the ground field [19, Def.7.11]. Then, gauge transformations, as O(G)-equivariant algebra
maps O(G) — O(G), are a copy of G itself. Thus they make a much smaller group than
that of all O(G)-equivariant unital and convolution invertible linear maps O(G) — O(G).
Similarly, infinitesimal gauge transformations are left invariant vector fields, giving then
the Lie algebra g of G. In the dual picture they act on O(G) as derivations, that is, as
infinitesimal algebra maps. Without requiring infinitesimal automorphisms of O(G) to
be derivations, one obtains the whole universal enveloping algebra U(g). With quantum
groups one can consider their universal enveloping algebra, or construct a quantum Lie
algebra of left invariant vector fields that are deformed derivations (a la Woronowicz [31]).

Quantum Lie algebras have been used for infinitesimal gauge transformations for gauge
field theories for example in [5, [6]. A further independent argument in favour of a theory
of noncommutative gauge groups that does not drastically depart from the classical one
comes from the Seiberg-Witten map between commutative and noncommutative gauge
theories [30]. This map (initially considered for noncommutative gauge theories in the
context of string theory and related flux compactification) establishes a one-to-one corre-
spondence between commutative and noncommutative gauge transformations and hence
points to a noncommutative gauge group that is a deformation of the classical one.

Other studies suggesting a view on gauge transformations as (deformed) algebra maps
are those on noncommutative instanton moduli spaces, for example [22] for instantons on
the principal bundle on the noncommutative four sphere Sj [21]. There the dimension of
the moduli space survives the #-deformation (see also [2]).

In the present paper we study the group of gauge transformations as the group of
equivariant algebra maps. By way of comparison, let us anticipate here our results for
the case of the Galois object (O(G).., O(G),), with the quantum structure group O(G),
coacting on the total space algebra O(G)., (in general this is not a trivial Hopf-Galois
extension, but only a cleft one). We change the multiplication in O(G), by considering the
braided Hopf algebra O(G), so that we find gauge transformations as O(G),-equivariant

algebra maps O(G), — O(G),,. These are deformed algebra maps with respect to the
initial product in O(G),.

In [I] noncommutative principal bundles were revisited and considered in a categor-
ical perspective. Since noncommutative principal bundles with Hopf algebra (quantum
structure group) H are H-comodule algebras A with a canonically given H-equivariant
map Y, required to be invertible, the basic category where to study these objects is that
of H-(co)representations, that is that of H-comodules. A second category where they
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can be studied is that of H and K-comodules, with K an “external Hopf algebra of sym-
metries”, a Hopf algebra associated with the automorphisms of a Hopf-Galois extension
(classically a group acting via equivariant maps differing from the identity on the base
space). In [I] Hopf Galois extensions were studied in these two categorical settings and it
was shown that Drinfeld twists (Hopf algebra 2-cocycles) deform functorially Hopf-Galois
extensions to Hopf—Galois extensions. Considering a twist on the Hopf algebra H leads
to a deformation of the fibers of the principal bundle; considering a twist on the external
symmetry Hopf algebra K leads to a deformation of the base space. Combining twists
on H and on K one obtains deformations of both the fibers and the base space. Many
examples were provided starting from commutative principal bundles.

In the present paper we work within the representation category of an Hopf algebra
H, with A an H-comodule algebra. We study gauge transformations of noncommutative
principal bundles B = A®? C A with quantum structure group H, noncommutative
total space A and commutative base B. Examples motivating the interest in this case
include also quantum group gauge theory on lattices, that is related to models quantizing
the algebra of observables of Chern-Simons theory [25].

In a sequel paper we consider Hopf algebras H and Hopf-Galois extensions in a category
of K-comodules. In this richer context we study gauge transformations of Hopf-Galois
extensions with noncommutative bases (for instance noncommutative tori and related
manifolds). A further motivation for these studies comes from the relevance of noncom-
mutative gauge field theories for string theory and related compactifications. There U(N)
gauge theories on noncommutative tori naturally emerge [7]. In that context already con-
sidering simple Lie groups (like SU(N) or SO(N)) is problematic, one way out being the
use of the Seiberg-Witten map between commutative and noncommutative gauge theories
[30), 18], another approch possibly being the Hopf-Galois one we are pursuing.

Before considering gauge transformations as algebra maps, we study conditions for the
canonical map y to be an algebra map. The natural categorical setting for addressing this
question is that of coquasitriangular Hopf algebras. Indeed in this context the category
of H-comodule algebras is a monoidal category. We show that the canonical map is a
morphism in the category when the multiplication in A is a morphism as well (we call
such comodule algebras quasi-commutative). This implies that the base B is commuta-
tive. Canonically associated with a coquasitriangular Hopf algebra H we have the braided
Hopf algebra H. The gauge group is first defined as the set of H-equivariant (unital)
algebra maps H — A and then proven to be a group. A second approach is to define the
gauge group as the set of H-equivariant algebra maps A — A that restrict to the identity
on B. This corresponds to the classical picture of vertical authomorphisms of a princi-
pal bundle. Here too we prove that these maps form a group. These two definitions of
gauge group are then shown to be equivalent, and the theory is illustrated with examples.

We study next Drinfeld twist deformations of Hopf—Galois extensions and of their gauge
groups. We refine the results in [I] to the case of coquasitriangular and cotriangular Hopf
algebras. A twist on H induces an equivalence of the associated monoidal categories,
and braided Hopf algebras are twisted to braided Hopf algebras. The equivalence of the
possible different twisting procedures is proven via a map Q. This map is related to the
natural isomorphism that gives the equivalence of the categories of Hopf algebra modules
and of twisted Hopf algebra modules as closed monoidal categories. These results allow
us to conclude that Hopf-Galois extensions B = A®H C A, with canonical map y that is
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an algebra map, are twisted to Hopf—Galois extensions B = A%OH” C A, with canonical
map X, that is an algebra map. The twist functor is then applied to the two equivalent
characterizations of the gauge group of a Hopf-Galois extension. By using again the map
Q we show that the initial gauge group and the twisted one are isomophic. In particular
cleft (but not necessarily trivial) Hopf~Galois extensions obtained twisting trivial Hopf-
Galois extensions have isomorphic gauge groups.

Finally, we consider tensor products of noncommutative principal bundles and study
the resulting gauge groups. Combining the tensor product construction and the twisting
procedure we construct interesting examples. In particular we study the noncommutative
principal fibration of spheres S7 x., S* — S* on the commutative 4-sphere. The structure
group is U,(2), a cotriangular deformation of the unitary group, and the gauge group of
this Hopf-Galois extension is isomorphic to the direct product of the classical gauge group
of the instanton bundle on the 4-sphere S* with the group of U(1)-valued functions on S*.

We mention that the idea of using a braiding that renders the Hopf-Galois canonical
map an algebra homomorphism, so as to enable one to define gauge transformations, was
already put forward in [13]. There it is shown that the algebra structure on the left-hand
side of the canonical map, that is induced from the tensor algebra on its right-hand side, is
given by a braiding of Hopf algebras. Then, for cosemisimple commutative Hopf algebras
this braiding was used to define gauge transformations as algebra homomorphisms. While
the braiding in [13] is written using the inverse of the canonical map, in the present paper
the braiding comes from the coquasitriangular structure of the class of Hopf algebras
considered.

1.1. Background material.

We work in the category of K-modules, for K a fixed commutative field with unit 1x
or the ring of formal power series in a variable A over a field. Much of what follows
can be generalised to K a commutative unital ring. We denote simply by ® the tensor
product over K. All algebras will be over K and assumed to be unital and associative.
The product in an algebra A is denoted by my : A® A — A, a ® b — ab and the unit
map by 14 : K — A, with 14 := na(1g) the unit element. Morphisms of algebras will
be assumed to be unital. Analogously all coalgebras will be over K and assumed to be
counital and coassociative. The coproduct and counit of a coalgebra C are denoted by
Ac:C — C®C and e¢ : C' — K respectively. We use the standard Sweedler notation for
the coproduct: Ac(c) = ¢y ® ¢ (sum understood), for all ¢ € C, and for its iterations:

L= (1d®AG)o AL i ¢ ¢y @)@+ *@Cluyy , n > 1. We denote by * the convolution
product in the dual K-module C" := Hom(C, K), (f *g)(c) := f(cq))g(cw), for all ¢ € C,
f,g € C". For a Hopf algebra H, we denote by Sy : H — H its antipode. For all these
maps we will omit the subscripts which refer to the co/algebras involved when no risk
of confusion can occur. We simply write V' € C for an object V' in a category C, and
Home(—, —) for morphisms between any two objects. Finally, all monoidal categories in
this paper will have a trivial associator, hence we can unambiguously write V;®@Vo®- - -®QV,
for the tensor product of n objects.

Given a bialgebra (or a Hopf algebra) H, we denote by M# the category of right H-
comodules: a right H-comodule is a K-module V with a K-linear map 6V : V -V ® H
(a right H-coaction) such that

(id®A)od" =(6V ®id)odV , (idd®e)ods” =id . (1.1)
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In Sweedler notation we write 6" : V. — V ® H, v — §" = v, ® vy, and the right
H-comodule properties (1)) read, for all v € V,

Vo) ® (V)

A morphism between V,W € M is a K-linear map 9 : V — W which is H-equivariant:
W o1 = (¢ ®id) o dV. We equivalently say that ¢ : V — W is an H-comodule map.

In fact, M is a monoidal category: given V, W € M the tensor product V @ W of
K-modules is an object in M with the right H-coaction

SV VW —VRWRH, v@wrs v ® W ® VW - (1.2)

0 @ (V1) = (V) o) @ (V) gy ® Vi) =t Vo) @ V1) ® V) Vo) €(vay) = v .

The unit object in M¥ is K with coaction 6% given by the unit map 7y : K - KQH ~ H.

We denote by A" the category of right H-comodule algebras: a right H-comodule
algebra is an algebra A which is a right H-comodule such that the multiplication and
unit of A are morphisms of H-comodules. This is equivalent to requiring the coaction
64 : A — A® H to be a morphism of unital algebras (where A ® H has the usual tensor
product algebra structure): for all a,a’ € A,

Mad) =6%a) 6 (d) , (14 =141y .

Morphisms in A are H-comodule maps which are also algebra maps.

We denote by C¥ the category of right H-comodule coalgebras: a right H-comodule
coalgebra is a coalgebra C' which is a right H-comodule and such that the coproduct
and the counit are morphisms of H-comodules that is, for each ¢ € C

(C(l))(o) ® (6(2))(0) ® (C(l)>(1) (C(2))(1) = (C(O))(l) ® (C(O)>(2) ® Cay s €<C(0))C(l) = €<C)1H' (13)

Morphisms in C are H-comodule maps which are also coalgebra maps.

Let H be a bialgebra and let A € A”. An (A, H)-relative Hopf module V is a right
H-comodule with a compatible left A-module structure, that is the left A-action >y is a
morphism of H-comodules such that the following diagram commutes

5A®V

ARV ARV @ H (1.4)
Dvl lbv(@id
1% o VeoH
Explicitly, for all a € A and v € V,
(a by U)(o) ® (a by U)u) = Qo) PV Vo) @ )V - (1'5)

A morphism of (A, H)-relative Hopf modules is a morphism of right H-comodules which
is also an A-linear map, that is a morphism of left A-modules. We denote by 4 M the
category of (A, H)-relative Hopf modules. In a similar way one defines the categories of
relative Hopf modules M 4" for A acting on the right, and pM 4" for right A and left F
compatible actions, with £ € A",

2. HOPF—(GALOIS EXTENSIONS FOR COQUASITRIANGULAR HOPF ALGEBRAS

We consider noncommutative principal bundles as Hopf-Galois extensions. These are
H-comodule algebras A with a canonically defined map y : A ®p A — A ® H which is
required to be invertible. We first consider the category of (A, H)-relative Hopf modules
and understand within this monoidal category the notion of Hopf-Galois extension, that
is the bijectivity of the map y. This is done in §2.1, where we see that the monoidal
structure forces H in A ® H to be considered as an H-comodule with the adjoint action

Ad, denoted H. In §2.2 we consider the case of H coquasitriangular, where the category
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of H-comodule algebras is monoidal. The braided Hopf algebra H with the adjoint action
Ad is an H-comodule algebra so that both A ® A and A ® H are H-comodule algebras.
The canonical map is then proven to be an algebra map provided A is quasi-commutative.

2.1. Hopf-Galois extensions.

Definition 2.1. Let H be a Hopf algebra and let A € A with coaction §4. Consider the
subalgebra B := A®f = {be A|§4(b) =b®1y} C A of coinvariant elements (elements
invariant under the H-coaction) and let A®p A := A® A/{a ®ba’ — ab® a'), s yep De
the corresponding balanced tensor product. The extension B C A is called an H-Hopf—
Galois extension provided the (so-called) canonical map

X = (m@id)o(id@BéA) A®pA— A®H, d@par—dag®an (2.1)
is bijective.
The canonical map Y is a morphism in the category 4 M4 of relative Hopf modules

[1]. Both A®p A and A ® H are objects in AM 4T The left A-module structures are
given by the left multiplication on the first factors while the right A-actions are given by

(a®pa)d" :=a®pdd and (a® h)d' :=ad o @ hd, .
As for the H-comodule structure, the tensor product A ® A has the natural right H-
coaction induced by the monoidal structure of M as in (L2,

S ARA S ARARH, a®d s ag ®d e @and (2.2)

for all a,a’ € A. This descends to the quotient A ® g A because B C A is the subalgebra
of H-coinvariants. Similarly, A ® H is endowed with the tensor product coaction, where
we regard the Hopf algebra H as a right H-comodule with the right adjoint H-coaction

The right H-coaction on A ® H is then given again as in (L2) by
04 (a @ h) = aw) ® hy @ agy S(hoy) heyy € AQ H® H (2.4)

foralla € A, h € H. Both A ®p A and A ® H are shown to be objects in AM AT with
respect to these structures and x to be a morphism in the category 4M4* of relative Hopf
modules (see [I] for details, and see Appendix [A] for a comparison with other descriptions
of the map x as a morphism of relative Hopf modules).

Since the canonical map x is left A-linear, its inverse is determined by the restriction
T = X\:;H’ named translation map,

T=X 'ou : H—>A®pA, h—h™ ®@h™ .
We recall for later use the following properties of the translation map (see Appendix [A.T]).
(ido@gdMor=(r®@id)A , (t®@8)oflipoA = (id®flip)o (64 ®pid) o,
that on the generic element h € H respectively read
W2 ®p h™ 4 @ K4y = hay™” ®p hoy™ @ h (2.5)

h(2)<1> ®B h(2)<2> ® S(h(l)) — h<1>(0) ®B h<2> ® h<1>(1) . (26)

A Hopf-Galois extension is cleft if there exists a convolution invertible morphism of H-
comodules j : H — A (the cleaving map), where H has coaction A. This is equivalent
to an isomorphism A ~ B ® H of left B-modules and right H-comodules, where B ® H
is a left B-module via multiplication on the left and a right H-comodule via id ® A. A

Hopf-Galois extension is a trivial extension if the cleaving map is also an algebra map.
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Commutative Hopf-Galois extensions typically arise when considering principal G-
bundles. Twisted versions will be described in Section (4.3 below.

Ezample 2.2. Let G be a semisimple affine algebraic group and let 7 : P — P/G be a
principal G-bundle with P and P/G affine varieties. Let H = O(G) be the dual coordinate
Hopf algebra and A = O(P), B = O(P/G) the corresponding coordinate algebras. Let
B C A be the subalgebra of functions constant on the fibers, we then have B = A®°H and
O(P xp)c P) ~ A®p A. The bijectivity of the map P xG — P xp,c P, (p,g) — (p,pg),
characterizing principal bundles in this context, corresponds to the bijectivity of the
canonical map y : A ®3 A — A ® H, thus showing that B = A" C A is a Hopf-
Galois extension (see e.g. [20], §8.5] and [10, Thm.3.1.5]). An important notion is that
of the classical translation map t : P xp,c P — G, (p,q) — t(p,q) where ¢ = pt(p, q).

Properties (2.5) and (Z.6) then read: t(p,qg) = t(p, q)g and t(pg, q) = g 't(p, q). O
2.2. Coquasitriangular Hopf algebras.

We begin by recalling basic properties of coquasitriangular Hopf algebras; for proofs we
refer e.g. to [20, Ch.10] or [24, Ch.2]. We then study the monoidal category of comodule
algebras (A, X) and the braided Hopf algebra H € Af.

Definition 2.3. A bialgebra H is called coquasitriangular (or dual quasitriangular) if
it is endowed with a linear form R : H ® H — K such that
(i) R is invertible for the convolution product, with inverse denoted by R;
(ii) meyp = R+ m* R, that is, for all h, k € H,
kh = R(ha) ® k) hayke R(he © k) ; (2.7)
(iii) Ro(m®1id) = Ri3* Ry3 and Ro (id @ m) = Ry3 * Ryo,
where Ris(h® k® 1) = R(h ® k) e(l) and similarly for Ry3 and Ras;

in components, for all h, k,l € H, these conditions read
Rhk®l)=R(h®1,) R(k®l,) and R(h®@FK) = R(hy ®@k)R(hy,®1). (2.8)
The linear form R is called a universal R-form of H. If (H, R) is coquasitriangular
then so is (H, Ra1) where Ry (h ® k) := R(k® h) for all h,k € H. A coquasitriangular

bialgebra (H, R) is called cotriangular if R = Ry;.
A Hopf algebra H is called co(quasi)triangular if it is such as a bialgebra.

Example 2.4. Any commutative bialgebra H is cotriangular with (trivial) universal R-
foorm R=e®e. O

Note that if a coquasitriangular bialgebra (H, R) is cocommutative, then it is commu-
tative. Nonetheless, this does not imply that R is trivial:

Example 2.5. Let H = CZ be the group Hopf-algebra of the abelian group Z. It is
the commutative and cocommutative Hopf algebra generated by an invertible element g,
CZ = Clg,g7!], with A(g) = g® g, e(g) = 1, S(g) = g~*. For every complex number
q # 1, this Hopf algebra is coquasitriangular with R-form R,(¢", ¢™) = ¢ ™™ d

Ezxample 2.6. The FRT bialgebras O(G,), noncommutative deformations of the coordi-
nate algebra on the Lie groups G of the A, B, C, D series, are coquasitriangular [16]. O

Ezample 2.7. If (H, R) is a coquasitriangular Hopf algebra and v : H @ H — K is a
2-cocycle on H, then the Hopf algebra H., with twisted product and antipode (see §4.1))
is also coquasitriangular with universal R-form

Ryi=vyn*Rx5:h@k— (ko ®hu) R(he) @ ko) ¥ (he) @ k) (2.9)
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where 7 : H ® H — K is the convolution inverse of 7. The (convolution) inverse of R is
R, =7 Rx7y. If (H, R) is cotriangular, then (H.,, R,) is cotriangular. O

From its definition, it follows that the R-form of a coquasitriangular bialgebra (H, R)
is normalized, that is, for all h € H,

ROI®h)=e(h)=R(ho1), (2.10)

and that it satisfies the Yang—Baxter-Equation Ris * Ri3 % Ro3 = Rag * Rq3 * R12, that is,
for all h,k,l € H,

R(hoy ® kyy) R(he @ o)) R(ke @) = R(kay @ 1y) R(hay @ le) R(he @ k)
(2.11)
If in addition H is a Hopf algebra, then for all h, kK € H we have

R(S(h)®k)=R(hok); RMhoSk)=Rhok), (2.12)
from which it also follows R(S(h) ® S(k)) = R(h ® k). Furthermore, the antipode S of
H is invertible with inverse S™' = up * S * U, where

ug:h—> R(hyy ® S(hy)) 3 tr:h— R(S(hy) @ hg) - (2.13)

Finally, when (H, R) is coquasitriangular, the monoidal category of right H-comodules
M is braided monoidal with braiding given by the H-comodule isomorphisms

We can now recall a key feature of coquasitriangular Hopf algebras: tensor products of
comodule algebras are comodule algebras and tensor products of comodule algebra maps
are again comodule algebra maps.

Proposition 2.8. Let (H, R) be a coquasitriangular bialgebra. Let (A, §4),(C,6¢) € A7
be right H-comodule algebras. Then the H-comodule A® C' (with tensor product coaction
5190 a® e ag @ @ag ) as in (L2)) is a right H-comodule algebra when endowed
with the product

(a®c)e(d @) =a Vi (c®a)d =ad ) @ ceod R(cy,®d ) . (2.15)

Moreover, when ¢ : A — E and ¢ : C — F are H-equivariant algebra maps, that
is morphisms of H-comodule algebras, then so is the map ¢ ® ¢ : AQC - E® F,
a®cr ¢la)@Y(c), where AQ C and E® F are endowed with the w-products in (2.13]).

Proof. Associativity of the product in A ® C' is straighforward. The coaction §4%¢ is
also easily seen to be an algebra map because of (2Z7), (an explicit proof can be found
in 23], or in [20, Lem.31 §10.3]). The statement about morphisms follows by writing
PR = (¢ ®idp) o (idg ® ¥) and showing that ids ® ¢ and ¥ ® idp are both algebra
maps (this is due to H-equivariance of ¢ and ). O

The H-comodule algebra (A ® C, =) is called the braided tensor product algebra
of A and C'; we denote it by AKX C', and write aXc € AKC for a € A, ¢ € C. Similarly,
we denote by ¢ X 1) :=p @1y : AKC — EX F the H-equivariant algebra map resulting
from the tensor product of the H-equivariant algebra maps ¢ : A — F and ¢ : C' — F.

Proposition 2.9. Let (H, R) be a coquasitriangular bialgebra. The category A? of H-
comodule algebras endowed with the above defined tensor product X becomes a monoidal
category, denoted (AT X).
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Proof. Let (A,54),(C,69), (E,6%) € A”. If we forget the algebra structure the tensor
product X becomes the associative tensor product of H-comodules of the monoidal cat-
egory (M, ®), where (A® C)®@ F ~ A® (C ® E) (as K-modules). We only need to
show that this isomorphism is compatible with the algebra structure, so that it is an
isomorphism in Af. The equality

(c@c)@e)u((d@d)@e)=(a@(ce))(d e (d @)

follows from the explicit expression (2.I5]) for the product and the property (28] of the
R-form. The units in (AKX C)X E and in AX (C'X E) trivially coincide. The unit object
in (A7 X) is K, seen as an H-comodule algebra (since 6 = ny is an algebra map). O

Remark 2.10. The braiding (214) of M defines a braiding

for the monoidal subcategory (Af X) if and only if R is cotriangular. Indeed the H-
comodule isomorphisms (2I6]) are algebra maps if and only if R is cotriangular. Hence
requiring the monoidal category (A X) to be braided with braidings (2I6]) is more
specifically requiring it to be a symmetric monoidal category, that is (\Ilﬁ’c)_1 = \Ifg A

An important role in the following is played by the right H-comodule H := (H, Ad),
with the right adjoint coaction Ad : H - H ® H, h + hy) @ S(ha)he as defined in
§2.1l The notation H is used when considering H as an H-comodule rather than a Hopf
algebra. If H is coquasitriangular, one can endow H with a product that makes H an
H-comodule algebra and a braided Hopf algebra (see e.g. [20, §10.3.2]):

Proposition 2.11. Let (H, R) be a coquasitriangular Hopf algebra. The right H -comodule
H= (H,Ad) becomes an H-comodule algebra when endowed with the product

hek = heyke R(S(ha)he © S(ka))) (2.17)
and unit n : K — H given, as linear map, by the unit ng of H.
Vice versa, the product in the Hopf algebra H is recovered from that in H as
hk = he) = k@ R(S(ha))he @ k) - (2.18)

Given an H-comodule V € M¥ we denote by 3V .V — V ® H the coaction §¥ : V —
V @ H thought as a linear map from V to V ® H. It is easy to show that §" is an
H-comodule map, that is, the commutativity of the diagram

5V
Vv = VeoH (2.19)
évl l(;V@g
Vei
Vel —"  veHeoH.

Furthermore, given an H-comodule algebra A € A with (H, R) coquasitriangular, we
denote by 64 : A — AKX H the H-comodule map 64 : A - A® H.

Proposition 2.12. Let (H, R) be a coquasitriangular Hopf algebra, A an algebra in M
with coaction 64 : A — A® H. The map 6" : A — AR H is an algebra map if and only
if 041 A — A® H is an algebra map.

9



Proof. Let = be the product in the braided tensor product algebra AX H given in (2.15]).
Then, for all a,c € A, §*(a)=d?(c) = §*(ac) & §4(a)d*(c) = 6 (ac); indeed,

5% (a)=d(c) = (aw) ® an) = (co @ €u)) = Ao o ® e = o R(S(au))ae @ cq))
= Q) Co) @ A1) Cay = (Ao) @ a)(Co) ® cy)
= 04(a)6*(c) .

Furthermore, unitality of 6* is equivalent to unitality of 84 since the two maps are the
same as linear maps. O

Definition 2.13. Let (H, R) be a coquasitriangular Hopf algebra. An H-comodule alge-
bra (L, my,nr,0%) and H-comodule coalgebra (L, Ay, ep, 6%) is called a braided bialge-
bra associated with H if it is a bialgebra in the braided monoidal category (M, @, Uf)
of H-comodules. That is, €, : L — K is an algebra map, n;, : K — L a coalgebra map
and moreover Ay, is an algebra map with respect to the product my, in L and the product
muxr = (mp ® my) o (id, ® UF ; ®@idy) in LX L (as given in (2.I5), that is

ALomL:ngLO(AL(}bAL). (220)

The braided biagebra L is a braided Hopf algebra if there is a map S;, : L — L, called an-
tipode or braided antipode, that satisfies the antipode property (of being the convolution
inverse of the identity id : L — L):

mLo(idL®SL)oAL:nLoeL:mLo(SL(X)idL)oAL, (221)
and that in addition is an H-comodule map.

For later use we recall that the antipode S;, : L — L of a braided Hopf algebra L is a
braided anti-algebra map and a braided anti-coalgebra map

SLomL:mLo\If}L%’Lo(SLQ@SL) ; ALOSL:(SL(X)SL)O\IIﬁLoAL : (2.22)

Ezxample 2.14. The braided Hopf algebra H of a coquasitriangular Hopf algebra (H, R).
Recall that for any Hopf algebra H, the data (H,A,s,Ad) is an H-comodule coalge-
bra and that for H coquasitriangular (H, -, Ad) is an H-comodule algebra. These two
structures define the braided Hopf algebra

(ﬂ7 =51, A7 g, §7 Ad)

Here, as H-comodule maps, both n: H — K and A : H — H X H are the same as the
counit and coproduct in H, with now A considered as an algebra map for the product -
in A and the =-product mygy in H X H. The antipode S := Sy : H — H can be shown
to be given, for all h € H, by

S(h) == S(he)R(S*(he)S(ha) @ hy) - (2.23)
O

Lemma 2.15. The braided Hopf algebra H is braided commutative, that is, for all
h,k € H, its product satisfies

ke = hay R(S(kuy)ke @ hay) = hay = ke R(he @ S(ka))ke) (2.24)

this equation being equivalent to (271).
10



Proof. By substituting (2.18)) in (2.7) and using the basic properties of the R-form R,
one obtains:
kh = R(hu ® ku)) hoyk R (b @ k)
> ki) < hey R(S(ka)ke ® hay)
= R(ha) @ k) hesy = by R(S(h)h @ k) R(he) @ k)
= ke = hey R(S(kw)ke @ hay) = R(he) @ ko) hay = ke R(he @ k)
= ke = hey R(S(ka)ke © hay) = hay = ke R(he @ S(ka)ke)

where in the last passage we used the analogous properties in (Z.8) for R. Thus H is
braided commutative. O

Lemma 2.16. The following conditions are equivalent to (2.24)

hek = kg - heo R(S(kg)ku @ hay) R(he @ S(ka))ks) (2.25)
hek = kg he R(S(he)ha @ S(ka))ks) Q(ha) @ S(ke)ka) (2.26)

where Q) is the convolution product () = Roy * R.

Proof. The implication (Z20) = (Z24]) is proven by substituting in the right hand side
of ([2:24)) the expression for h,, - k) given by relation (2Z.25]).
For the converse implication (2.24) = (2.25) we compute
hek = ha) =k e(he)e(S(ka)kes)
= ha = kg B(he ® S(ke)ka) R(he © S(ka)ke)
= k) = hy R(S(k@)ke @ hay) R(he @ S(ka)ke)
where in the last equality we used (2.24]).
Equivalence of (2.26]) and (2.25]) is shown by using the explicit convolution product @Q:
h-k = k?(:a) - h(3) R(S(h(Q))h(4) ® S(k(l))k(s)) Q(h(1) ® S(k(2))k:(4))
= kw = hay R(S(hg)hey @ Sk ki) R(S(ke)ks) @ hay) R(he) @ S(ke))ke)
=k - h(4) (hiyS(he) sy @ Sk k) R(S(ke))kw @ ha)
= k) = hey R(S(ke))ka ® ha) R(he © S(ka)ke)

where we used the basic property (Z8) of the R-form in the third equality. O

We next introduce the notion of quasi-commutative algebra A € A" and provide a few
examples.

Definition 2.17. Let (H, R) be a coquasitriangular Hopf algebra. A right H-comodule
algebra A € A is quasi-commutative (for the coquasitriangular structure R of H) if

_1 —
ma=mao (U ), ac = ¢yt R(cu) @ ay) (2.27)

or equivalently

My = My O \IlﬁA , ac = cpyae R(ag @ cqy) (2.28)

for all a,c € A. We denote by .A(HR the full subcategory of A¥ of quasi-commutative
comodule algebras (for the coquasitriangular structure R), where morphisms are H-

comodule algebra morphisms.
11



The first expression (2.27]) implies the second (2Z.28):
ac = awCoe(an)ta) = awcoll(an © cu)) Rlag © ¢o) = coawmR(an ® cy) -

Similarly the second expression implies the first one. For future use (see Theorem [2.29])
we also prove a third equivalent expression:

Co o) ® CoR(S(ca))s ® an)) = ae o @ coyR(ce ® aq) - (2.29)
Indeed, (2:27) implies (2:29)):
0 Coy ® €y R (Cay ® ar)) = €0ya0) R(Cty @ ary) ® Cop R () @ az))
= C0ao R (S(cw) ® an) ® coR(ce @ aw)
= Ci0)Uoy ® e R(S(cq))ew ® ag) -

On the other hand, id ® ¢ applied to (2.29) and the normalization R(1 ® h) = e(h) give
).

The quasi-commutativity property of A € A¥ can be equivalently characterized as the
compatibility of the multiplication in A with that in the braided tensor product A X A:

Proposition 2.18. Let (H,R) be a coquasitriangular Hopf algebra. An H-comodule
algebra (A, m 4, 04) is quasi-commutative if and only if the multiplication my : AKA — A,
aX® ¢ ac is an algebra map. Thus my : AR A — A is an H-comodule algebra map if
Ae AR,

Proof. On the one hand
mA((a/ IX C) L] (a,/ IX C,)) — mA (a/al(o) IX C(O)C,R(C(l) ® a,(l))) — aa/(O)C(O)C,R(C(I) ® a//(l)) 7
on the other hand
(ma(a®c))(ma(a ®¢)) = acd'c .
Hence the two expressions coincide if and only if A is quasi-commutative. Moreover, by
definition of H-comodule algebra, the multiplication map is an H-comodule map. O

Remark 2.19. The subalgebra A“” C A of a quasi-commutative H-comodule algebra A
is contained in the centre Z(A) of A. This follows from (2.27) and the normalization
property (2.I0) of the R-form.

Example 2.20. Every commutative algebra A € A, with commutative Hopf algebra H
and trivial coquasitriangular structure R = ¢ ® ¢, is quasi-commutative. Indeed quasi-
commutativity with R = € ® ¢ is equivalent to commutativity. U

Ezample 2.21. Let (H, R) be a coquasitriangular Hopf algebra, the H-comodule alge-
bra (H,-, A) is quasi-commutative if and only if R = € ® ¢ is the trivial R-form, and
hence H is commutative. The proof is straighforward, comparing the cotriangular-
ity and quasi-commutativity conditions (2.7) and (2Z27) we obtain, for all h,k € H,
hk = R(hy) @ kqy) hyke. Applying the counit € gives R = € ® €, and hence commuta-
tivity of H. O

Many examples of quasi-commutative algebras arise as twist deformations (see §4.1I) of
commutative algebras A € A”. More in general, twist deformations of quasi-commutative
algebras are quasi-commutative algebras:

Example 2.22. Let A € .A,(If’R) and v: H® H — K a 2-cocycle on H. Consider the Hopf
algebra H, with coquasitriangular structure R, = v * R * 7y as in Example 2.7l Let

A, € A" be the twisted H,-comodule algebra of A: this is the K-module A with new
12



product a e, a' := ad o ¥ (an) ® @ 1)) and unchanged coaction a — ay ® a,, (see §4II).
Then,
! / = /
aeya =d oo R(aw ©dw) 7 (ag ©d )
/ / / = /
= ') & AV (@' 1) ® a)) Rlap ®d'z) 7 (ap @ d )
/ /
= a0 & aw) By(an) @d'y)

showing that A, € A(H”’R” O

Example 2.23. Let H be commutative with trivial R-form R = ¢ ® ¢, so that the H-
comodule algebra (H, -, A) is quasi-commutative (cf. Example 2.20). The twist deforma-

tion of (H,-,A) € A(H ¥¢) as in Example 2222 just above, gives the quasi-commutative
H.-comodule algebra (H,e.,, A) € ,A(H”’RW) with R, = 91 % 7. O

e ]

Example 2.24. A main example of quasi-commutative comodule algebra is the H-comodule
algebra (H, -, Ad) associated with a cotriangular Hopf algebra (H, R). Indeed cotrian-
gularity reads @) = € ® € and then the braided commutativity property (2.26) reduces to
the quasi-commutativity property

hk = kg = hoy R(S(hay) b © S(ka))ke) -
O
Quasi-commutativity of H does not imply cotriangularity of H as this example shows:

Ezample 2.25. Let H = CZ = Clg,g~'] be the group Hopf-algebra of the group Z
considered in Example 2.5 with R-form R,(¢",¢™) = ¢~™™ for a complex number ¢ # 1.
It is coquasitriangular but not cotriangular. Since the adjoint coaction is trivial it is
immediate that (H = CZ, -, Ad) is quasi-commutative with respect to R,. More generally,
if R is a coquasitriangular structure on a commutative and cocommutative algebra H,
then (H, -, Ad) = (H, -, Ad) is quasi-commutative since the adjoint coaction is trivial. [

Another example of quasi-commutative algebra A € A¥ with coquasitriangular and
not cotriangular Hopf algebra H is the following one:

Ezample 2.26. The FRT bialgebra O(M,(2)) is generated for j,k = 1,2, by elements w;,
satisfying Ry tm Ui, = u,kule with the only non zero components of the matrix R

Ru=Ru=q¢ . Riz=Ru=1 ., Rh=q¢—q"
for g € C, ¢ # 0. Let H = O(GL,(2)) be the Hopf algebra of coordinate functions of the
quantum group GL,(2) which is obtained by extending O(M,(2)) by a central element

D=1, defined to be the inverse of the quantum determinant D := uj s — quiats;. The
Hopf algebra H is coquasitriangular with (not cotriangular) universal R-form

Rujj ®u) =q¢ 'RY, R(D'®uy) =R(u;®@D") =qdy;, (2.30)

see e.g. [20, §10.1]. The convolution inverse is R (uy ® up) = ¢(R™')i. Let A = O(C})
be the algebra of the quantum plane, that is, the algebra generated by two elements x1, x5
with commutation relations x;xy = ¢ zoxy. It is well known that A is a O(GL,(2))-
comodule algebra with coaction 6(z;) = z; ® uj; it is easily verified that A is quasi-
commutative with respect to the coquasitriangular structure R defined in (2.30):

_ _ _—1ppl
;v = Txy R (up @ w) = ¢ R LTITy

for each i,j7 = 1,2. Note that the Hopf algebra O(GL,(2 )) admits the one parameter

family of Coqua81tr1angular structures R (u;; ® ug) = )\Rﬂ, with nonvanishing A € C.
13



For X a square root of ¢7!, Ry is also a coquasitriangular structure on the quotient
Hopf algebra O(SL4(2)). Nevertheless, the comodule algebra A = O(C?) is not quasi-
commutative with respect to it. U

2.3. Hopf—Galois extensions for coquasitriangular Hopf algebras.

As mentioned in §2.1] for a generic noncommutative algebra extension, in contrast with
the commutative case, the canonical map x = (m4 ® id) o (id ® §) is just a morphism
of relative Hopf modules. The domain A ®pg A of x itself does not inherit an algebra
structure from A ® A and the multiplication my : A ®g A — A is not an algebra
map. In this subsection we find when the canonical map of an Hopf-Galois extension
with coquasitriangular Hopf algebra is an algebra map, and a morphism in the category

(AH ).

Lemma 2.27. Let (H, R) be a coquasitriangular Hopf algebra, and let A € A? with
subalgebra of coinvariants B = A®" C A. The =-product (ZI5) on A ® A descends to a
well-defined product on A ®p A if and only if B is in the centre of A.

Proof. The balanced tensor product A® g A is by definition the quotient of AQA € 4 M 4%
by the A-sub-bimodule and H-subcomodule J ={a(b® 1 —1® b)a’,a,a’ € A, b € B}.
We prove the lemma by showing that J is an ideal in AKX A if and only if the subalgebra
of coinvariants B is central in A. If J is an ideal in A X A then, for all a € A,b € B,
bo1l-1b=(a®1) € J; since B = A®f and thus (b® 1 -1 bs(a® 1) =
—la,b] @1+ a(b®1—1®b), this implies [a,b] ® 1 = 0 and hence [a,b] = 0. Vice versa if
B is central in A then for all a,a’ € A,b € B

ab®1-13b)d =(a®d) (b1 —-13b) =(a®d) (b1 —-1x®0>)
where the last equality holds because B = A®f. In a similar way, a(b® 1 — 1 ® b)a’ =

(b®1—1®b)s(a®a’). This proves that J is the two-sided ideal in A K A generated by
b®1l—-1®b, be B. U

Since Remark .19 shows that the subalgebra of coinvariants of a quasi-commutative
algebra A € Aé{;{’R) is in the centre of A, for such an algebra A we have that A ®p A
inherits an algebra structure from A X A; we denote it by A Xg A. We correspondingly
denote by 64%84 : ANz A — AXg AXH the H-coaction 64%84 : AQp A - AQp AQ H.

Proposition 2.28. Let (H, R) be a coquasitriangular Hopf algebra, and let A € Agf’R)

with subalgebra of coinvariants B = A“H2. Then (AXp A, =, §4584) is an H-comodule
algebra.

Proof. The triple (AXA, =, §4%4) is an H-comodule algebra because (A, X) is a monoidal
category for H coquasitriangular (cf. Proposition 2.9)). The balanced tensor product
A Xp A is the quotient of A X A via the ideal and H-subcomodule J generated by
b®1—1®b, b € B. The H-comodule algebra structure on the quotient A Xg A is
therefore induced from that of A X A. O

The results on H-comodule algebras and morphisms established so far are profitably
applied to the study of the canonical map. Recalling the map 64 : A — AKX H associated
with an H-comodule algebra A (cf. Proposition 2Z12]), we have:

Theorem 2.29. Let (H, R) be a coquasitriangular Hopf algebra and A € AS,?’R’ a quasi-
commutative H-comodule algebra. Let B = A®H be the corresponding subalgebra of
cotnvariants. Then the canonical map
x=(mRid)o ([dXp ) : AR A — ARNH , o Kgar— d ae Nag,
14



is a composition of (well-defined) H-comodule algebra maps and thus a morphism in A%,

Proof. The map (idX§%): AR A - AR AK H is an H-comodule algebra map because
tensor product of H-comodule algebra maps (cf. Proposition and Proposition 2.8
or 2.9). The quotient A Kp A is well defined because B is central in A € AR (cf.
Remark 219). The induced map on the quotient (id Kp 64): AR A - AR AXK H is
well-defined because of B-linearity of 6.

From Proposition we know that my : AK A — A is an H-comodule algebra map

when A is quasi-commutative. It induces a well-defined H-comodule algebra map on the
quotient m : AKg A — A. Then mXid: AXg AXH — AX H is an H-comodule
algebra map because tensor product of comodule algebra maps. O

As a corollary of the above proposition, when y is invertible, the translation map
T=X gy H— AN A

is an algebra map as well, 7(h-k) = 7(h)s7(k), and hence an H-comodule algebra map.

Let us record some additional properties of the translation map. Being 7 = x|, _,,
one has h<">h<*> = ¢(h)1y, for any h € H. In addition, by combining properties (2.6)
and (23] one also has

=) @ R 4y @ B (o) @ h= (1) = S(hq)) ® hy™ @B hy™ ®@ h (2.31)

for any h € H.
For the particular case of an Hopf-Galois extension A®? C A with H coquasitri-

angular and A € Agf’R), using the property (231 and h<'>h~*> = e(h)14, the quasi-
commutativity of A leads to

h=h= = R(S(ha)) @ hey) 1a = B(he) @ S(ha)) 1a . (2.32)

For later use in Proposition B.6] we prove the following key additional properties of the
translation map. The first one (2Z33)) just concerns 7 as a linear map, the second one
(234)) uses that 7 is an algebra map.

Lemma 2.30. Let (A,d4) € Aé{;{’R) be a quasi-commutative H-comodule algebra, with
the extension A" C A a Hopf-Galois one. The translation map satisfies the identity

Toﬁ:‘lliAoT. (2.33)
Moreover,
=0 (PE407)X7)0 Ay = Namgaocn (2.34)

that is, for each h € H

<2> <1> <1> <2> <1> <2> <1> _
h(l) h(2) (0) X h’(l) h(2) R (h(l) ® h(l) (1)h(2) (1)) - €<h) 1aMp1a.

(2.35)

(0) (0) 1)
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Proof. Identity (2.33) holds, indeed for each h € H one has
X(“Ilﬁ,A o7(h)) = x(h**" oy Mg B ) R(h""" 1) @ b= )

= = h™ o BA™ o) R(W7 o © h™ )
= hiy " ™" W S(he) R(S(ha) ® b))
=14 S(he) R(S(he) @ hay) R(S(ha) @ h)
=148 S(he) R(S*(h) @ hay) R(S(hay) @ hs)
=148 S(he) R(S*(he)S(ha) © ha)
=1,4XS(h)

where for the third equality we used (Z31]) and for the fourth one property ([2:32]) of the

translation map. Then, the identity (2.33]) directly implies the second part of the lemma;
indeed

-o((\IfiAor)@T)oAﬂ =wo((ToS)K7)o Ay =m0 (TR 7)o (SKid)oAy
=70 -0(SNid)o Ay =Tongoecy = NaxzA©EH ,

using in the second line that 7 is an algebra map and the antipode property (2.21). O

Remark 2.31. If H is commutative with trivial R-form, R = ¢ ® ¢, then A € Aéf’R)

is commutative and property (2.33]) simply reads 7(S(h)) = flipo7(h) € A®p A. In
particular, let B = A®” C A be the Hopf-Galois extension of the principal G-bundle
m : P — P/G considered in Example Then the property 7(S(h)) = flip o 7(h)
of the pull-back 7 = t* of the classical translation map corresponds by duality to the

property t(¢q,p) = t(p,q)"*, p,q € P . Similarly, property (2.34) corresponds by duality
to t(q,p)t(p, q) = e, the neutral element of G.

When (H, R) is a cotriangular bialgebra, the category A((Jf’R) of quasi-commutative

H-comodule algebras with the braided tensor product X becomes a braided monoidal

. . L H,R
category. Moreover, the canonical map is a morphism in .A,(lc ),

Proposition 2.32. Let (H, R) be a cotriangular bialgebra. The braided tensor product
of quasi-commutative H-comodule algebras is a quasi-commutative H-comodule algebra.

Proof. Let A,C € A" be quasi-commutative, then for all a,a’ € A and ¢, € C,
(a®c)(d ® () =ad o ®ced Rlcy, @d )
= a0 ® ¢ 0 C) R(aa, ® d')) R(ca ® ) Rlce ® d' o)

where we used the definition of the =s-product in (2.I75]) and the quasi commutativity of
A and C. On the other hand,
(@) ,mla®c)y, R ((a ®c,,) ®(d® c’)(1)> =

= (00 ® 10)) (a0 ® o)) Ry ® a1y )

= d'(0)00) ® ¢ (0)Co) (1) ® ay) Rlag) @ d')) Rlap @ ) Rlcn @) Rice @dw).

This coincides with the previous expression since, using the cotriangularity of H, one can

simplify R(c'o) @ ag)) R(ap ® ) = Rlan, ® ) R(ae @ o) = e(an)e(dq). O
As a direct consequence of this proposition we have:

Corollary 2.33. Let (H, R) be a cotriangular Hopf algebra. The category Afff’R) endowed

with the braided tensor product X is a full sub-monoidal category of (A7, X).
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From Theorem [2.29 we then have:

Corollary 2.34. Let (H, R) be a cotriangular Hopf algebra, A € AS,?’R) and B = A« C

A a Hopf-Galois extension. Then H € Aéf’R) and the corresponding canonical map
x:AXpg A— AX H is an isomorphism in the category (AS,?’R’, X).

3. THE GAUGE GROUP

In the classical (commutative) case one way to define the group Gp of gauge transfor-
mations of a principal G-bundle 7 : P — P/G is as the group of G-equivariant maps,

Gp:={0:P—G; o(pg) =g 'o(p)g} . (3.1)

where G is a right G-space with respect to the right G-adjoint action. The group structure
is by point-wise product: (cd)(p) = o(p)a(p), for all 0,6 € Gp and p € P. The gauge
group can be equivalently defined as the subgroup of principal bundle automorphisms
which are vertical (project to the identity on the base space):

Autpa(P) :={¢: P = P; ¢(pg) = ¢(p)g ,m(w(p)) = 7(p)}, (3.2)

with group law given by map composition. The equivalence of these two definitions is
well known [17, §7.1].

These definitions can be dualised for algebras rather than spaces. For instance, in
the context of the affine varieties case treated in Example 22 where A = O(P), B =
O(P/G), H = O(G), the gauge group Gp in (B3] of G-equivariant maps corresponds to
that of H-equivariant maps (or H-comodule maps) that are also algebra maps

Ga:={f: H— A; §4(f)= (f®id) o Ad, f algebra map} . (3.3)

The group structure is the convolution product. The algebra map property for the pull-
back f = ¢* : H — A comes from the point-wise product in H = O(G) and A = O(P):
£(hk)(p) = (hk)(0(p)) = h(o(p)k(o(p)) = (F(R)E(K))(p), for all h,k € H.p € P.

Similarly, the vertical automorphisms description (3:2) of the gauge group corresponds
to that of H-equivariant maps

Autg(A) = {F: A= A; §*F = (F®id)é*, F|z =id: B — B, F algebra map} . (3.4)

The dual definitions can be given for a general Hopf-Galois extension B = A®H C
A, with A and H commutative algebras. However, for a noncommutative Hopf—Galois
extension the algebra map condition in these definitions is in general very restrictive. This
does not come as a surprise: for noncommutative algebras already algebra automorphisms
are very constrained with respect to the commutative case.

In [3, §5] this issue was faced by weakening the notion of gauge group: gauge trans-
formations are no longer algebra maps; they are defined to be comodule maps that are
invertible and unital. In this “no algebra maps” context the isomorphism G4 ~ Autg(A)
still holds. A drawback of this approach, besides the extra requirement of invertibility of
the maps, is that the resulting gauge groups are very big, even in the classical case. For
example the gauge group of the G-bundle on a point G — {*} is much bigger than the
structure group G as the following simple example shows.

Ezample 3.1. Consider the group Z, := {e,u} of integers modulo 2: e +e¢ = u+u =
e,e+u = u+e = u. Let H be its coordinate Hopf algebra; this is the commutative complex
algebra generated by the two orthogonal projections p. and p, (where p,(b) = d4p, for
a,b € Zy) with unit 15 = p.+p, the constant function 1. It has cocommutative coproduct

Ape = Pe @ Pe + Py @ Py Apy = Pe @ Py + Du @ De
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and counit (p.) = 1, €(p,) = 0. The trivial Zy-bundle over a point is dually described as
the Hopf-Galois extension B C A, where A = H with coaction A and resulting algebra
of coinvariants B = C. Since A = H is the linear span of p. and p, and the condition
F|p =id : B — B is just that of C-linearity of the map F : A — A, we have linear maps
F(zpe + ypu) = @'pe + y'py from C? to C?, that is, complex 2 x 2 matrices

() ()= (0 6)

Unitality of F requires b = 1 — a and ¢ = 1 — d; invertibility of F requires a + d # 1.
Finally, H equivariance, that is AF = (F®id)A, leads to a = d. Summing up, the group
of these maps is the GL(2, C)-subgroup

{(111 1;“), with 2a7£1}.

If one imposes the additional condition that the maps F are algebra maps this group
collapses to a much smaller one. Indeed, the requirement

F((l‘pe + ypu)($,pe + yIPU)) = F(:Epe + ypu)F(:E'pe + yIPU)
for all (x,y) and (2/,y) in C?, forces a = 1 or a = 0. Thus the resulting group is

{6000} ==

that is the expected group of gauge transformations. U

We shall work in the noncommutative setting of the monoidal category (A, X). In this
context we show that it is natural to define the gauge group of vertical automorphisms
as in (B.4)), that is, to require vertical automorphisms F to be algebra maps. Similarly,
G4 is defined as the group of H-equivariant algebra maps f : H — A. The issue of the
lack of algebra maps is therefore in this case overcome by properly choosing the algebra
structure on H, namely the multiplication - of the braided Hopf algebra H rather than
that of the Hopf algebra H.

We begin by studying this latter space G4 of H-equivariant algebra maps. We then
consider the gauge group Autg(A) of vertical automorphisms and prove its equivalence
with G4. We present a few examples; while they are mainly commutative ones, they serve
as a way of illustration of the notions involved. They will be deformed to noncommutative
examples later on in the paper.

3.1. The gauge group of equivariant algebra maps.

Proposition 3.2. Let (H,R) be a coquasitriangular Hopf algebra, (H, -, n,A, e, S, Ad)

the associated braided Hopf algebra, A € Agf’R) and B = A®H C A a Hopf-Galois
extension. The K-module

Ga :=Homyn(H, A) (3.5)
of H-equivariant algebra maps H — A is a group with respect to the convolution product.
The inverse of f € G4 is given by f :=fo S.

Proof. Given f,g € Hom 4u (H, A), the product f*g is an H-comodule map; for all h € H,
04 (fx g)(h) = 6* (f(h(l))g(h@))) =& (f<h(1>))5A (g(h@)))
= (f(he) ® S(hay)he) (8(he) @ S(h)he) = F(he)g(he) @ S(ha)ha
18



where we used that 64 is an algebra morphism and that both f and g are H-comodule
morphisms. Then

54 (Fx g)(h) = (F g)(he) @ S(ha)he = ((Fxg) @idy)Ad(h) .

The product f * g is also an algebra map. Recall from (2.20) that Ay is an algebra map
with respect to the products - in H and = in the braided tensor product algebra H X H,

we compute
(Fxg)(h=k) ="F(ha = ke)ehe - ku) R(S(he)ha @ S(ka)ka)

by )f(K2))g(hs) )8 (k) RS (hey) hay @ S(kay)ke)

)f
ey )(f (ku)))(o) (g(h(2)))(0)g(k(2))R((g(h@)))(l) ® (f(ku)))(l))
)g

ha)g(he)f(ka)g(ke)
fxg)(h)(f+g)(k) ,
where the second equality uses that f, g are algebra maps, and the third equality that

they are H-comodule maps. The fourth one follows from the quasi-commutativity of A.
Any f : H — A is convolution invertible, with inverse f := f 0 S; indeed (recalling the

antipode defining property (2.21]))

(f«£)(h) = f(ho)f(S(he) = f(ha) = S(he)) = e(h)1a,
and similarly f xf = 14e. The map f is an H-comodule map being composition of H-
comodule maps. In order to prove that f € G4 = Hom 4u (M, A) we are left to show that
f is an algebra map. This is immediate if the Hopf algebra H is cotriangular, because in

this case the braided antipode S is an algebra map. In the coquasitriangular case, with
A quasi-commutative, few more passages are needed. We evaluate the algebra map f on

S(h=k) = « oW 4(S(h) ® S(k)) = S(k),,, = S(h) o, R (S(h),, ® S(k),,) +  (3.6)

h,k € H, this being the braided anti-algebra map property (2.22]) of the braided antipode.
We compute

f(
fi(
(
(

f
f
(f *

F(S(h=k)) = (S(k) o ~S(h), ) R(S(h),, @ S(k),,))
— £(S(K)  F(S(R) )R (S(R) , @ S(k),,)

= F(S(K))  F(S() o R (F(S()) , @ F(S(R)),,))
= f(S(h)F(S(K))
where for the last but one equality we used that f is a morphism of comodules and for

the last equality we used quasi-commutativity of the algebra A, as defined in (2.28).
Therefore f(h-k) = f(h)f(k) as claimed. O

In the commutative case, for a principal G-bundle 7= : P — M which is trivial, the
gauge group is isomorphic to the group of maps from M to G (see e.g. [17, §7.1, Prop.1.7]).
For Hopf-Galois extensions we have:

Lemma 3.3. Let B C A be a trivial Hopf-Galois extension, with (H, R) coquasitriangular
and A € .A(HR . Then R is trivial, H and A are commutative, and the gauge group Ga
coincides with the group (with convolution product x) of algebra maps from H to B:

Ga ~ ({a: H— B algebra maps}, *) .
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Proof. For a trivial extension with B in the centre of A, the cleaving map gives the
isomorphism A ~ B® H in Aéf’R), with coaction § = id®A. This implies that H is quasi-
commutative, and therefore, cf. Example 2.21], H is commutative with trivial R-form, so
that A is commutative as well. As for the gauge group G4 = Hom 4u (H, B® H), observe
first that the braided Hopf algebra H is isomorphic as a Hopf algebra to H. Indeed, since
R is trivial, the product in H equals that in H and the braiding \Ifg  1s trivial. Next, each
f: H - B® H in G4 determines an algebra map as := (id®e)of : H — B. Conversely,
with any algebra map o : H — B, one has a map f, := (a®id)oAd: H - B® H (cf.
[8, Thm.5.4]). It is easy to verify that f, is a morphism of H-comodules:

(fa ®@1d)Ad(h) = fa(he) @ S(ha)he = alhe) @ S(he)ha @ S(hay)he = (1d @ A)fa(h).

It is also an algebra map being a composition of such maps:

forH-L HoH Y BeH.
One easily sees that af, = a and f,, = f, being f a comodule map, so that (f ® id)Ad =
(id ® A)f. O

We note that while the algebras in a trivial Hopf-Galois extension B C A € Aé{;{’R) are
commutative, for cleft Hopf-Galois extensions this need not be the case, and their gauge
group is in general not given by ({a : H — B algebra maps}, x). See Remark [L.T§ later
on.

Also for a principal G-bundle 7 : P — M with G abelian the gauge group is isomorphic
to the group of maps from M to G. For Hopf-Galois extensions we have a similar
result if the Hopf-algebra is cocommutative. A coquasitriangular Hopf algebra (H, R)
which is cocommutative is also commutative (cf. (Z7) and comments after Example [2.4]).
Nevertheless, since the R-form can be nontrivial, the algebra A in the inclusion B C A
can be noncommutative. However the gauge group does not depend on A:

Lemma 3.4. Let (H, R) be a coquasitriangular and cocommutative Hopf algebra, and let

B=A“TCAc A((f’R) be a Hopf-Galois extension. Then its gauge group G4 coincides
with the group of algebra maps from H to B with the convolution product *:

Ga~ ({f : H— B algebra maps}, ) .

Proof. Since H is cocommutative, the adjoint coaction Ad is trivial, so the product in
H equals that in H (which is commutative due to coquasitriangularity) and the braiding
\I'g  is trivial. Thus, the associated braided Hopf algebra H is isomorphic to H as a Hopf
algebra. Triviality of the adjoint coaction implies that each H-equivariant K-linear map
f: H — A satisfies 0f(h) = f(h) ® 1, that is the image of f is contained in the subalgebra
B of coinvariants. In particular H-equivariant algebra maps f € G4 = Homu (H, A) are
algebra maps f : H — B, then algebra maps f : H — B. U

Ezample 3.5. The Hopf bundle. Consider the O(U(1))-Hopf-Galois extension O(S?) C
O(SU(2)). By Lemma B4l its gauge group is given by

Ga= ({f: O(U(1)) = O(S?) algebra maps}, *) .

Since O(U(1)) is linearly spanned by group-like elements, the convolution product equals

the point-wise product and we obtain G4 ~ ({f : S — U(1)}, ), as expected. O
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3.2. The gauge group of vertical automorphisms.

For any Hopf-Galois extension B C A € A% we show that Aut B(A), defined as in the
commutative case in ([B.4), is a group. This uses properties of the (dual of the classical)
translation map 7 = t* (cf. Example 2.2]) leading to the following:

Proposition 3.6. Let B = A®" C A be an H-Hopf-Galois extension with (H, R) coqu-
asitriangular and A € .A(HR . The K-module
Autp(A) := Hom_ 4n (A, A) = {F € Hom,u (A, A)| F|, =id}
of left B-module, right H-comodule algebra morphisms is a group with respect to the
composition of maps
F-G:=GoF

for all F,G € Autp(A). For F € Autg(A) its inverse F~! € Autg(A) is given by

Fli=mo(idXm)o(idXFNpid)o (idR7)os* : A4 — A (3.7)

a +—r agFlag ™ )an,™",

71|

where T = x 1s the translation map.

1XH

Proof. The reversed composition order F-G = GoF stems from the contravariant property
of the pull-back ¢ — F = ¢* used in the commutative case A = O(P). The expression
for the inverse map F~! = ¢*7! is induced from that of ¢~'. The map F~! is well-
defined because F &B id is well-defined due to the B- linearity of F. We show F! ¢
Autp(A). Clearly F |, — id since F and 7 are unital; F~!is an H-comodule algebra map

because Composmon of H-comodule algebra maps (for the product m : AK A — A see
Proposition 2.18] for m : AXg A — A recall the proof concerning the canonical map y
in Theorem 229, for 64 : A - AX H see Lemma [2.12).

We recall the identity a,7(an) = x ' o x(1®pa) =1®pa, for all a € A. To show
that F~! o F = id we evaluate F~!, as from definition (8.7), on F'(a) and use that F' is
H-equivariant and that it is an algebra map:

F(F(a)) = Flaw)F(an) ")an, ™ = Flagam <7)aq " =F(l)a=a.

To show that F o F~! = id requires property (2.34]) of the translation map. Firstly, by
applying m o (id ® 5 F) to the identity a,7(an)) = 1 ®p a we obtain

Fla) = awaw™"Flag,™") .
Then we replace a with F~1(a), use that F~! is a comodule map and obtain
(FoF)(a) = F(F(a)) = awF(an)* )an, " ap <" Fae ) -
Next, the quasi-commutativity of A and the H-comodule algebra map property of F give

F(F'(a)) = Ao )~ (o)au) (0)F(a(1)<1>(0))F(a(2)<2>)R(a(1)<1>(1) ®an ™ (1)a<2) >(1)>

= o))~ (0)%) (O)F(a(1><1>(o)a<2><2>)R (%) o ® aq)” (1)a<2><1>(1)) :
Finally, property (235) of the translation map implies
-1
F(F~(a)) = apelan) =a.

This ends the proof. 0
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Remark 3.7. By definition, two Hopf-Galois extensions A, A’ € A of a fixed algebra B
are isomorphic provided there exists an isomorphism of H-comodule algebras A — A’.
This is the algebraic counterpart for noncommutative principal bundles of the geometric
notion of isomorphism of principal G-bundles with fixed base space. As in the geometric
case this notion is relevant in the homotopy classification of noncommutative principal
bundles, see e.g. [19, §7.2]. In the coquasitriangular and quasi-commutative context of
the present paper, if A, A" € A((JIC{’R) are isomorphic via w : A — A’, then the groups
Autp(A) and Autp(A’) are isomorphic via

Autp(A) — Autg(A), FrrwoFow™.

Indeed, even if in general w is not the identity on B, w(B) C B being w a morphism of
H-comodules. Thus woFow™|g=id and woFow™ € Autg(A’) as claimed. Therefore
the gauge group G4 of an H-Hopf-Galois extension depends only on the isomorphism
class of the extension, rather than on the single representative.

Ezample 3.8. Galois field extensions. Let E be a field, K C E and G = {g;} a finite
group acting on E as automorphisms of E. Let F O K be the fixed field of the G action.
By Artin’s theorem if the G-action is faithful, E is a Galois extension of F and G is
its Galois group (the group of authomorphisms of E that leave F invariant). The G
action a — g;(a), a € E, induces a coaction of the dual (KG)* of the group algebra KG,
0:E—=E®(KG)", a— ), gi(a)®p;, where {f;} is the basis of (KG)* dual to the basis
{g:;} of KG. In [26] §8.1.2] it is proven that E is a Galois field extension of F with Galois
group G if and only if the K-algebra E is a Hopf-Galois extension of F = E®XC)" In this
case consider the trivial coquasitriangular structure on (KG)*. The gauge group Auty(E)
consists of maps F € G which are morphisms of (KG)*-comodules, 6F = (F ® id)d. This
is equivalent to requiring Fg; = g;F for each i. Thus Autr(E) = Z(G), the center of the
Galois group. O

Example 3.9. Graded algebras. Let G be a group, with neutral element e, and let H = KG
be its group algebra. An algebra A is G-graded, that is A = ®yec A, and AjA, C Ay, for
all g, h € G, if and only if A is a right KG-comodule algebra with coaction § : A — AQKG,
ar— Yy a;®¢gfora=>a, a; €A, Moreover, the algebra A is strongly G-graded, that
is AyAj, = Ay, if and only if A, = A°®S C A is Hopf-Galois (see e.g. [26, Thm.8.1.7]).
One can easily see that
Hom, 4xc(A, A) ={F: A — A algebra maps | F[4, =id, F(4,) C A4, } .

Let now H = KG be coquasitriangular and A be quasi-commutative. Then Proposition
shows that Hom , 4xc(A, A) is a group, the gauge group Auta, (A) of the Hopf-Galois
extension A, C A. Notice that H = KG coquasitriangular implies H commutative and
hence G abelian (cf. remark after Example 24). For G = Z, with H = CZ = O(U(1)),
the Hopf-Galois extension A, C A is a noncommutative principal U(1)-bundle. Examples
with G = Z", H = CZ" = O(T"), and A, = C include Example and Example
(noncommutative principal U(1)™ bundles). O

Ezample 3.10. Torus bundle over a point. (Its noncommutative deformation is in Example
4.15) Let O(T") be the commutative algebra of polynomial functions on the n-torus with

generators t;, t7 satisfying ¢;t7 = 1 = ¢t; (no sum on j) for j = 1,...,n. It is a *-Hopf
algebra with costructures
Alty) =t;®t;, et;) =1, S(t;) =1;. (3.8)

Hence A = O(T™), with coaction A : A - A® O(T"), is a Hopf-Galois extension of B =

C. Vertical automorphisms F € Autg(A) = Hom 4o(m) (A, A) are determined by their
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action on the generators since they are algebra maps. In turn, O(T")-equivariance gives
F(t;) = (e ®@id)A(F(t;)) = e(F(t;)) t;, and similarly for ¢f, so that F € Hom 4o(m) (A, A) is
determined by \; = ¢(F'(¢;)) and \f = e(F(t})) with \;Af = 1. Thus the gauge group is
Autp(A) ~ T". The result is in agreement with Lemma [B.4] which would give:

Ga= ({f : O(T") — C algebra maps}, *)

that is, G4 as the set of characters of the algebra O(T™), hence G4 = T".
This example can be directly generalised to a G-bundle over a point, with G any affine
algebraic group, that is a subgroup of GL(n,C). O

3.3. Equivalence of the gauge groups.
We show the equivalence G4 ~ Autg(A).
Proposition 3.11. Let (H, A) be a coquasitriangular Hopf algebra, and B = A«? C A

a Hopf-Galois extension, where A € Aé{;{’R) 1s a quasi-commutative H-comodule algebra.
The groups (Ga,*) and (Autg(A),-) are isomorphic via the map

QA : QA — AU_tB(A) (39)
with inverse

Fofei=myo(idaXgF)or :h— h~"F(h*).

Proof. As mentioned after equation (B.4]), without the requirement that elements of G4
and Autg(A) are algebra maps, the group isomorphism was proven in [3, §5] using the
linear map 04 : f — Ff = my o (idy ®f) o 64 When A € Afffﬂ) we restrict to gauge
transformations that are algebra maps. Since 64 restricts as a linear map to 6 4 in (3.9])

we just have to show that when f is an algebra map, the corresponding F¢ is an algebra

map and vice versa. This is so because F¢ is the composition of the algebra maps m 4,
id4 X f and §°, and similarly, for fz. O

Remark 3.12. When the Hopf algebra H and the H-comodule algebra A are both equipped
with compatible s-structures, that is such that the coaction is a x-algebra map, the mor-
phisms which constitute the gauge group G4 ~ Autg(A) will also be required to be
compatible with the x-structures.

4. DEFORMATIONS BY 2-COCYCLES

A general theory of Drinfeld-twist deformation of Hopf-Galois extensions was developed
in [T]. We specialise this theory to coquasitriangular Hopf algebras (so that the canonical
map is an algebra map) and study the corresponding gauge groups in the context of the
theory presented in the previous section.

4.1. Twisting comodule algebras and coalgebras by 2-cocycles.

We first recall some relevant results from the general theory of 2-cocycle deformations of
algebras and comodules [12], 14 [I1]; we follow [1, §2.2].

Let H=(H,m,1y,A,&,S) be a Hopf algebra.
Definition 4.1. A unital convolution invertible 2-cocycle, or simply a 2-cocycle, on H
is a K-linear map v : H ® H — K which is unital, that is y(h® 1) = ¢(h) = v (1 ® h),
for all h € H, invertible for the convolution product and satisfies the 2-cocycle condition

Y (90 @ hy) ¥ (9 @ k) = v (ha) @ kyy) 7 (9 ® hiykezy) (4.1)

for all g,h,k € H.
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For v a 2-cocycle, we denote by ¥ : H ® H — K its convolution inverse. The condition
(A1) can be equivalently written in terms of 7§ as

¥ (9hw @)Y (9o @ hey) =5 (9 @ haykay) T (he @ k) (4.2)

for all g, h,k € H.
Given a 2-cocycle v on H, the map m, 1= vy *m 7,

my(h @ k) :=h -y k=7 (hw @ ku) hake 7 (he @ ka) (4.3)

for h,k € H, defines an associative product on (the K-module underlying) H. The
resulting algebra H., := (H,m,, 1) is a Hopf algebra with coproduct A and counit ¢
that are those of H, and with antipode S, := u, * S * @, where

Uy H—K, h—7(S(hw) ®hg) |

(one the convolution inverse of the other).

The passage from H to H., affects also the category M# of (right) H-comodules. Since
the comodule condition ([LT)) only involves the coalgebra structure of H, and H., coincides
with H as a coalgebra, any H-comodule V € M# with coaction 6V is a right H,-comodule
when 6% is thought of as a map §" : V. — V @ H,. When thinking of V' as an object in
M we denote it by V., and the coaction by 6" : V,, = V, ® H,. For the same reason,
any morphism ¢ : V' — W in M# can be thought as a morphism ¢ : V,, = W, in M.
Indeed the (identity) functor

r:M”— M (4.5)
defined on objects by I'(V') := V, and on morphisms by I'(¢) := 1, is an equivalence of
categories. The convolution inverse ¥ twists back H, to (H,); = H and V, to (V)5 = V.

We denote by (M ®7) the monoidal category of comodules for the Hopf algebra
H,. Explicitly, for all objects V,, W, € M (with coactions §"» and "), the right
H7-coaction on V, ®” W, is given, following (L.2), by

SOV @W, — V@ W, @ Hy 0 @7 W Uy @ Wiy @ Uy oy Wy - (4.6)
Proposition 4.2. The functor I' : M — M+ together with the natural isomorphism
¢ : @Vo(I'xI") = To® given for objects V,W € MM by the isomorphism of H.,-comodules

pvw Vo @ Wy — (VOW),, v& wr— g @we 7 (vy @ wy) (4.7)
is an equivalence between the monoidal categories (M, ®) and (M7 7).
The functor I' induces an equivalence of categories of comodule algebras
L:AR o A (Aymg =, ma, 67) — (Ay,ma, = e, ,nAW,cSA”) (4.8)

which is not the identity on objects any longer. Given an object A € A# with multipli-
cation my4 and unit 74, in order for the coaction 6 to be an algebra map one has to
define a new product on A, = I'(A). The new algebra structure ma_,na, on A, € A"
is defined by using the components ¢__ in (A7) of the natural isomorphism ¢, and by
requiring the commutativity of the diagrams

ma.,

A, @7 A, A, K A,
¢A’Al %7 Nl %
(A®A), I'(K)
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in the category M. Explicitly we have na, = na and the deformed product reads as
ma, A @A, — A, a® d ——ae,d = and 7 (an ®@dy) . (4.9)

Moreover, for any A”-morphism ¢ : A — A’ one checks that ['(¢)) = ¢ : A, — Al s a

morphism in A, With similar constructions, for A, C € A¥, one obtains equivalences
. M ,L;W/\/IH7 , T MM — ./\/ICVH7 , DM = ,L\V./\/ICVH7 (4.10)

for the categories of relative Hopf-modules.
The functor I' also induces an equivalence of categories of comodule coalgebras

T:C" =™, (C A ec, %) (Cy, Ac,,cc,, 69) . (4.11)

Each H-comodule coalgebra C' with co-structures (A¢, e¢) is mapped to the H.,-comodule
coalgebra C, = I'(C) with co-structures (Ac, ,ec,) defined by the commutativity of the
diagrams

c,—"“ Lcec, o K
|7 o~ I?
(C®0), I'(K)
in the category M. The deformed coproduct explicitly reads
Doy i Cy— @ Cy e () @ () 7 () ® (em)y)) » (412)

while ¢, = €. As before, I' acts as the identity on morphisms.

Ezample 4.3. The right H-comodule H = (H, Ad) is a comodule coalgebra with coproduct
and counit those of the Hopf algebra H, Ay = Ay and ey = ey. Its twist deformation
H, = (I'(H),An .cn ,Ad) is an H,-comodule coalgebra. Explicitly the coproduct
([A12) of an element h € H, reads Ay (h) = he) @7 heyy (S(ha)) s @ S(he)he))-

On the other hand, given a twist v on H, we have a second H,-comodule coalgebra.
It is given by the right H,-comodule H, = (H,, Ad,) with coaction

Ady: Hy — Hy @ Hy o hie= ey @7 55 (hay) o gy
and coproduct and counit those of the twisted Hopf algebra H,, that is, those of H:
A&:AH ande&zeH. ]
We recall from [I, Thm.3.4] that the comodule coalgebras H, and H_ are isomorphic:

Theorem 4.4. The K-linear map
Q:Hy — H,, hr— heuy(ha) Y (S(he) © ha) (4.13)
is an isomorphism of right H.-comodule coalgebras, with inverse
Q' H, — Hy, h— hiyty(he) 7y (S(ha) @ hey) (4.14)
4.2. The coquasitriangular case.

In this section we consider 2-cocycles on coquasitriangular Hopf algebras and study
twisted associated bialgebras.

Recall that if H is coquasitriangular, the category A is monoidal (see Proposition
2.9). Also, as mentioned in Example 27, if R is the universal R-form of H, the twisted

Hopf algebra H, is coquasitriangular with universal R-form R, = 751 * R * 7.
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Proposition 4.5. Let (H, R) be a coquasitriangular Hopf algebra and v a 2-cocycle on
H. There is an equivalence of monoidal categories between (A, X) and (A% X) given
by the functor T : AL — Ay in ([&R) and the isomorphisms in A

()OA7C’ : A’Y IX’Y C’Y — (A IX C)ry 3 a IX’Y C— a(o) IX C(O) ’7 (a,(l) ® C(l)) 3

with A, XY C.,, the braided tensor product of the algebras A, and C,, and (AX C), the
image via I of the braided tensor product of the algebras A and C. (Cf. Proposition[].2.)

Proof. Due to Proposition we just need to prove that the isomorphisms ¢4 ¢ in M
are also algebra maps: @400 ma mc, = Mare), © (Pac @ pac), that is,
@Avc((a X c)n(a’ XY c')) =pac(a® e)u,pac(a K ), (4.15)

forall a,a’,€ A,,c,c € C,. Here the s-product on the Lh.s. is the product in the braided
tensor product algebra A, X" C, (defined in (2.I7)), while the s -product on the r.h.s. is
the twist deformation (as in (£9)) of the s-product in the tensor product algebra AXC.

We prove ([LT3]) by first evaluating it on specific products and then using the associa-
tivity of the multiplications = and .. Firstly we show that

pac((@R 1o)e(a B ¢)) = pac(a® 1g)ny pacld K ) . (4.16)
Explicitly
pac((aR 1o)=(a' B ) = pac((ae,a) X))
= pac ((awd o) ¥ ) F(an ®dy)
= 40y@' o) W ) ¥ (@) 1y ® €)) ¥ (A ® @' (3))
= 400 W ) ¥ (any ® d' oyl 1)) T (d' ) @ ¢ z))
= (@ 1lc)n,(d'o B 7 (a'n @)
= (aX1c)n, pac(d X )
= pac(a 1o)n, pac(d W )
having also used the 2-cocycle condition (A2]) for the fourth and fifth equalities. Since
vaclaX 1) = a X 1¢, the identity (AI6]) just expresses the fact that pa ¢ are iso-
morphisms in 4, M for the obvious left action of A and A, on AKX C and A, X" C,
respectively, see (£.I0). Similarly, since the ¢4 ¢ are isomorphisms in M. , we have
pac((@B c)a(14 R ) = pacla® c)uypac(1a B ).
Finally we have
pac((laR c)u(a' B 1¢)) = pacld o X7 co) Ry (coy @ d' )
= d' (o) M e Y(a' 0y ® ey Ry (o) @ @' 3))
= d' (o) K ) Ry ®@ d'y)) (e @ ap)
= (1aMe), =(a' W 1c), Y(ew @ aq))
= pac(lal c)uy pac(d W 1)

where in the third line we used that R, = 791 * R %7 (cf. (29)). Thus on the generic
product of two elements (a X ¢) = (a X7 1)=(1 X" ¢) and (¢/ K7 ¢) = (¢/ K 1)= (1 X7 /)
the map ¢4 ¢ is an algebra map. O

This result and Corollary 2.33]lead to
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Corollary 4.6. Let (H, R) be a cotriangular Hopf algebra. With the notations of Propo-
sition [f.3], the restriction of the functor (T, ¢) : (A7, K) — (A X7) to the subcategory
(Agf’R), X) of quasi-commutative comodule algebras induces an equivalence of monoidal
categories (AN K) ~ (Aﬁ,f”’R”), X7).

In the context of coquasitriangular Hopf algebras in addition to the twist deformation
of comodule algebras and comodule coalgebras (considered in §4.1]) one next deforms
braided bialgebras associated with H (see Definition 2.13]).

Proposition 4.7. Let (L,myp,np, A, e, 6%) be a braided bialgebra associated with a co-
quasitriangular Hopf algebra (H, R), and vy a 2-cocycle on H. The twist deformation of
(L,mp,np,6%) as an H-comodule algebra and of (L,Ap,er,6%) as an H-comodule coal-
gebra gives the braided bialgebra (L., mp 1z, ALW,»SLW,(SLV) associated with the twisted
Hopf algebra H.,. Thus, L., is a bialgebra in the braided monoidal category (M, @7, UFr)
of H,-comodules. Moreover, if L is a braided Hopf algebra, then L. is a braided Hopf
algebra with antipode Sy, = T'(St), £ — S (€) = SL(f).

Proof. By the general theory, the H,-comodule L, = I'(L) is an H,-comodule algebra
with unit 1, = 15 (or 0z, = I'(nz)) and deformed product my = I'(mz) o ¢r 1, given
by @3). Moreover L, is an H,-comodule coalgebra with counit ¢, = I'(eg), ¢ —
er,(¢) = e1(¢), and deformed coproduct Ay = ng}LoI’(AL) given by (£I2]). In order for
(Ly,mp,,n0,, AL, €L, §L7) to be a braided bialgebra associated with the twisted Hopf

algebra H., it suffices to show (cf. Definition 2.13) that Ay is an algebra map for the
product m, in L, and the product mp gz, = (mLW ®7 me) o (idLW ®7 \Ilfle ®7 idLV)
in L, X" L,:

Ap,omp, =mp g, o (A, @ Ap ). (4.17)

On the one hand,

Ap omy = ng}L o'(Ap)oI'(mp) oL = QOZ,IL ol'(Apomp) oL
=pprol(mmmro (AL ®Ap))oprr =¢p oT(mpmr) o T(AL ® Ap) opr

where we have used that L is a braided bialgebra associated with H (cf. (2:20))).

On the other hand, the maps ¢_ _ satisfy

F<AL ® AL) °CQL.L = (puzlL,L&L © (F<AL> ®" F<AL>)
as it can be verified on generic elements in L, XY L. by using that L is an H-comodule
coalgebra (cf. equation ([L3])). Thus,
ALW omr, = (:OZ}L © F<mL|X’L) © 90L|Z|L,L®L © (F<AL> ®" F<AL>)
= ¢r omaan), © (N(AL) @ T'(AL))
= mpwve, © (pp ©7 0rh) o (T(AL) ® T(AL))
=mp gL, © (AL, ® Ar,),
by using in the third equality that ¢_ _ are algebra maps (cf. (£15)).
If in addition L has an antipode S (by assumption an H-comodule map), its image

under I', S = T'(SL), £ — Si (£) = Sp({), is an H,-comodule map. We show it is an
antipode for the twisted bialgebra L. One easily verifies the equality

prro (T(idy) ® T(Sp)) opp =(id, ® Sy
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of H,-equivariant maps. Then
me e} (idLW & SLW) ©) AL’Y = F(mL) o @YrL,.L° (F(ldL) & F(SL)) o (pz’lL e} F(AL)
= F(mL) e} F(ldL &® SL) e} F(AL)
F(mL e} (ldL & SL) e} AL)
=T(nroer) =T(n) o T(er)

nLv © EL”/ :

Analogously one shows that my_ o (SL7 &7 idLW) oA =, 0€L,. O

Example 4.8. Let H be the braided Hopf algebra associated with a coquasitriangular Hopf
algebra (H, R) (cf. Example 2.14]). Given a 2-cocycle v on H, by Proposition .7 we have
the braided Hopf algebra H. = (I'(H), L“/’Aﬂw’gﬂw’nﬂw’ Sﬂw,Ad) associated with the
twisted Hopf algebra H,. It is given by the H,-comodule coalgebra H of Example
endowed with the product

herk = he«ke 7 (ha) @ ka)) = hey ke 7 (S(ha))he @ S(kay)ke) - (4.18)

This is the twist deformation of the product h-k = hy ko R(S(ha))he @ S(ky)) in H
defined by (ZI7). In terms of the product in H, the product h- .k is written as

h=yk = heke R(S(he)ha © S(ke)) 7 (S(ha)he © S(ka)ka) - (4.19)
O

In addition to the braided Hopf algebra H there is also the braided Hopf algebra H,
of the coquasitriangular Hopf algebra (H.,, R,) (cf. Example 2.14). The product in H,
is as in (2.I7): for all h,k € H,, one has

hey k= hey o ko Ry (95(ha)) - hey @ Sy (k) - (4.20)
Recalling the product and antipode in Hy: h -y k = v (hay) ® ku)) hoyke 7 (he) @ k),
and S, = u, * S * U, we can rewrite h-_,yk as
hoy b =y (hay) uy (k) Uy (B )ty (k) )y (i) @ Kiey) hioykier)
Y (haoy @ k) ¥ (S(hee)) @ han) 7 (S(kw) ® S(he))has)
R(S(hw)has @ S(k)) 7 (S(he)han @ S(ke)) 7 (S(he) ® has) - (4.21)
The braided Hopf algebras H, and H_ are isomorphic:

Theorem 4.9. The K-linear map Q : Hy, — H_ in [@I3) with inverse in (LI4) is an
isomorphism of braided Hopf algebras associated with H.,.

Proof. We know from Theorem [4.4] that the map Q is an isomorphism of H,-comodule
coalgebras. We are left to show that Q is an algebra morphism. It maps the unit of H,

to the unit of H.. In H_ the product is given by formula (£.I9). Thus we have
Q(h)+,Q(k) = uy(h) uy (k) heay = 7Kgy 7 (S(hez) @ heay) 7 (S(kezy) @ Ky

= uy(hew) uy (ko)) hkis) B(S(hi)he @ S(kw)) 7 (S(he) @ he)
Y (S(h@)ha ® S(ke)ke) 7 (S(ke) ® ki)

= uy(hwy) uy (ko)) o k) B(S(he)) b © S(kw)) 7 (S(he) ® hao)
Y (S(hy)hw S (k@) @ k) 7 (S(h@)he @ S(ke))
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where for the last equality we used the cocycle property (4.2)). Next we use the coquasi-
triangularity of H to rewrite

R(S(he))ha @ S(kwy)) S(ha)heS(ke) = S(kw)S(he) ) ha R(S(ha)he @ S(ka))
and obtain

Q(h) =, Q(k) = uy(hyy) uy(kqy) b ki) RS (hw)he @ S(ke)) 7 (S(he) @ ha)

On the other hand

Q(hk) = heyke) uy(haykay) ¥ (S(ke)S(he) @ huka)
= (hay @ kq)) ty (b )ty (Ke) 7 (S(ke) @ S(he)) heke T (S(ka)S(ha) @ heke)
where we used uy(hk) = 75 (ha) ® k) ty(he))uy (k)7 (S(ke) © S(he)) that follows

from the basic properties of a 2-cocycle. Then, using the explicit formula for the product

h -k given in ({.21]), we have
Q(h 4 k) = uy(hay) uy (k)T (S(kes) @ S(hy)) hioykiny 7 (S (k) ) S (hes)) @ hioykis))
Y (han ® k) 7 (S(he)) ® haz) ¥ (S(kw) @ S(he))has)
R(S(hw)hasy @ S(k)) 7 (S(he))has) @ S(ki)) 7 (S(he) @ hae)
= Uy (hay) Uy (k) hinkie) 7 (S (kis) ) S (hee)) @ s k)
Y (hioy ® kis)) 7 (S(k) S (hes)) @ hioy) RIS (hay)hiany @ S(kis)))
Y (S(h@)haz @ S(ke)) T (S(he) ® has) |
where to obtain the last equality we used the cocycle condition (1)) on the product
Y (S(kis) @ S(hay)) v (S(he) @ has) ¥ (S(kw) ® S(he))has). Using once again this con-
dition on the product ¥ (S(k)) S () @ h k) 7 (he) ® k) 7 (S(ka)S(he) @ hao) we
finally obtain
Q(h k) = uy(hay) uy (k) hioks 7 (S (k) S (hisy) iy @ ki) RS (hiay)hisy @ S(ki)))
Y (S(h) o @ S(kiz))) 7 (S(he) @ hag) -
Q(k) =

Thus, Q(h) -, Q(h - k). O

4.3. Twisting Hopf—Galois extensions.

The deformation by 2-cocycles of Hopf—Galois extensions was addressed in [I] for a general
Hopf algebra H. When H is coquasitriangular one has an additional algebra structure.

Let (H, R) be a coquasitriangular Hopf algebra, and A € A((fc{’R) a quasi-commutative
H-comodule algebra. Consider the algebra extension B = A®” C A. Let v be a 2-cocycle
on H, and consider A, € Ay (F3:7) and the corresponding algebra extension B, = A,
A, Slnce the coactlons 5A A= A® H and 6 1 A, - A, ® H, commde B, =18
as K-modules; they also coincide as algebras since B carries a trivial H-coaction so that
mp, = mp (see (£Y)). From Theorem both canonical maps

X:AXpA— AXH  and  x,: A XpA, — AKX H, (4.22)

coH~ C

are comodule algebra maps. In the context of coquasitriangular Hopf algebras and quasi-

commutative comodule algebras, Theorem 3.6 of [I] can be sharpened:
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Theorem 4.10. Let (H, R) be a coquasitriangular Hopf algebra, and let v be a 2-cocycle

on H. Let A € Aé{;{’R) with B = A®H C A and twist deformation B = AS,OH” C A, e

((If”’R”). Then the following diagram of morphisms in AH

AR A AR H, (4.23)
lidm

Pa.A ARVH,
lw,g

(ARpA), — Y (AR H),

is commutative. If H is cotriangular the diagram consists of morphisms in Agc (o By),

Proof. In [1, Thm.3.6] the commutativity of the diagram was shown for morphisms in
a,M AWHV, and hence in M*>. Since all maps in the diagram have been shown to be
algebra maps (see Theorem [229] Proposition .5 and Theorem [.9]), the diagram is indeed

in A", When H is cotriangular, so is H.; then H € AH and also H, ~H, € AS,?’”’R”’
(from Example 2.14)). Thus, due to Corollary [.6] the diagram is in Agc H” R, O

We remark that since all vertical arrows in the diagram (£23) are isomorphisms, the
commutativity of ([A23) implies that the extension B C A, is an H.-Hopf-Galois ex-
tension if and only if the starting extension B C A is such for the Hopf algebra H (see
Corollary 3.7 in [1]).

4.4. Twisting gauge groups.
In the hypothesis of Theorem 10, let B = A« C A be Hopf-Galois. The gauge group
Ga, = Hom 4m, (H A )

of the Hopf-Galois extension B = A" C A, € AR s isomorphic to the gauge
group G4 = HomAH(ﬂ A) of the initial one:

Proposition 4.11. Let (H, R) be a coquasitriangular Hopf algebra, A € AS,?’R) and let
v be a 2-cocycle on H. The isomorphism T' : HomAH(ﬂ,A) — Hom 4n, (EW,AV),
induced by the functor T : AT — A"+ in equation (&8)), when composed with the pull-
back Q* : HomAHy(ﬂy,Av) — HOH’IAHW(&,AV) of the map Q : Hy — H. in #E13),
gives the group isomorphism

Fg:=Q" ol : Homuu (H,A) — Hom g, (H,,A,).
Ezplicitly, for all h € H,, one has:

Lo(f) : h = £(Q(h)) = f(he) uy(hay) 7 (S(hz) @ he) -
Proof. The map I'g is invertible since it is composition of invertible maps:

HomAH(ﬂ,A) AN HomAHW(ﬂy,AV) AN HOH’IAH—Y(&7A,Y) :
We are only left to verify that I'g preserves the group product, that is that
Fo(f*g) =To(f) *, T'o(g) ,

for each f, g : H — A, where % denotes the convolution product in Hom AH(ﬂ , A) and

., denotes the convolution product in Hom 4z, ( & , A,Y).
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On the one hand, for each h € H.,,

Po(f+g)(h) = D(f+g)(Q(h)) = (F+g)(Q(h)) = (Q(h) ) g(QR),,) ,
with the Sweedler notation Ay (h) = Ay (h) = hy) ® h,,. By considering definition (4.9),
in order to express the product in A in terms of that in A, we further have

Po(f+g)(h) = (F(Q(hw))) ) o (8(L(he))) e 7 ((f(Q(hm)))(l) ® (g(Q(h@))))m)

= Q) ) 0+ 8(QURa) ) 7 (Qhiw), @ Qb)) -

where we used that f,g are H-comodule maps. Recalling the definition (£I2) of the
twisted coproduct A i, in H_, the above expression simplifies to

Po(f xg)(h) = f(Q(h)n) o 8(Q(h) 1)

with the Sweedler notation Ay (h) = hy ®hy for the components of the coproduct Ay .
On the other hand

(Co(f) x4 To(g)) (h) = F(Q(hq)) &, &(Q(he))

with the Sweedler notation for the coproduct in E which equals that in H. The identity
Fo(f xg) =To(f) x, I'o(g) then follows recalling that Q is a coalgebra map. O

It is instructive to recover this isomorphism considering the gauge groups of vertical
automorphisms (cf. Proposition B.6]). The gauge groups Autp(A) = Hom, 4n (A, A) and
Autp(A,) = Hom 4u,(A,, A,) are isomorphic via the functor I':

Proposition 4.12. The restriction of the functor I' : A" — Ay in (ER) to pA! gives
a group isomorphism

I':Autg(A) — Autp(A4,), F:A—Ar— F :=0(F):A —A,.

Proof. Since the functor I' is the identity on morphisms, the linear maps F and F,, coincide.
Clearly, I' preserves the group law which is given by the composition of maps. O

The group isomorphisms in Propositions .11] and .12] above are related via the iso-
morphism of Proposition [3.11k

Proposition 4.13. The group isomorphisms 0, and 0, given as in Proposition [3.11]
and the isomorphisms I'g of Proposition[{.11) and I of Proposition[{.13 give the following
commutative diagram

Ga— Autp(A)

rgl . |r

QAV ! AUtB(A,y) .
Proof. Let f € G4, we have to show that
(Fof)f: A, = A, a—anflay)

coincides with
(QA7 olo)f 1 Ay = Ay, ar a o Tolf)(an) = aw o flaw) uy(an) 7 (S(ae) @ aw) -
Observe that

anflam) = ag o, (f(a@)))(oﬂ (au) ® (f(%)))(l)) = a() o fag)y (aq) ® S(aw)aw)
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where for the first equality we used (the inverse of) formula (£9) to express the product
in A in terms of the product e, in A, and for the second one H-equivariance of f : H — A.
The equality (I'o 8,)f = (64, o I'g)f then follows from the identity

Uy (hy) V(S (he) @ k) = v(hay @ S(he)k)

for all h,k € H. This is shown by using the cocycle condition and the definition of u., in
(&), (see [1, Lem.3.2]). -

Ezample 4.14. Noncommutative bundle over a point. Let us consider a commutative
Hopf algebra H with trivial R-form, and the trivial Hopf-Galois extension K C H with
H-coaction given by the coproduct A (and cleaving map j =idy : H — H).

Then, let v be a 2-cocycle on H. The commutative Hopf algebra (H, R = e®¢) is twist
deformed to the cotriangular Hopf algebra (H.,, R, = 721 * 7). The total space algebra

(A=H,- A) e AS i deformed as an H-comodule algebra to (A, = H, ,0,,A) €

A((If”’R” and we obtain the Hopf—Galois extension K C H,, € A(H”’R” Notice that this
is a cleft extension with cleaving map j = idy : H, — va but in general needs not be
a trivial extension because H, and H, are in general not isomorphic as H,-comodule
algebras (see next examples). The gauge group of this noncommutative cleft extension
K C H,, is isomorphic to the gauge group of the trivial extension K C H. U

Ezxample 4.15. Noncommutative torus bundle over a point. Let us consider the Hopf-
Galois extension C = O(Ty)«°™) C O(T%) with total space the noncommutative torus
Ty with generators ¢;, t7 satisfying t;t7 = tit; = 1, ;i) = e™irtyt; and ¢ty = emRitit;,
for 0ir = —0; € R, and with structure group the Hopf algebra O(T").

As in Example BIOL the O(T")-comodule map and the algebra map properties of
a gauge transformation F : O(T})) — O(T}) imply that the latter is determined by
tj = F(t;) = M\tj and t; — F(t;) = Njt;, with complex numbers of modulus one,
|\;|? = 1. This shows that, independently from the noncommutativity of the generators,
the gauge transformations are parametrized by \; € S'. Hence the gauge group is
isomorphic to the n-dimensional torus T", the same of the commutative Hopf-Galois
extension C = O(T")«°™) C O(T").

This result is consistent with the use of Proposition for the Hopf-Galois extension
C C O(T}) seen as a twist deformation of C C O(T"). The 2-cocycle v on O(T") is
determined by its value on the generators,

¥ (tj ® ty) = exp(im ij) , O =—0k €R (4.24)

and defined on the whole algebra by requiring v (zy ® 2) = v (2 ® 2)) 7 (¥ ® z)) and
Y ®yz) = y(x0 @ 2)7 (e ®@y), for all z,y,z,€ O(T"). Being the Hopf algebra
H = O(T") cocommutative, one now obtains H., = H. O

Remark 4.16. When comparing the result of the previous example with Remark B.7]
we see that non isomorphic Hopf-Galois extensions C C O(Ty) (obtained from non co-
homologous twists) have isomorphic gauge groups. This is a general feature occuring

when starting with a cocommutative Hopf algebra H, which is hence transparent to the
twist so that H, = H (cf. equation (£3))).

Ezample 4.17. Noncommutative SO(2n)-bundle over a point. We specialise Example
AI4 to H = O(SO(2n,R)), the algebra of coordinate functions on SO(2n,R). Let

O(M(2n,R)) be the commutative *-algebra over C with generators a,j, by, aj;, bj;, 4,7 =
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1,...n. It is a bialgebra with coproduct and counit given in matrix notation as

(b;'kj) (a;‘kj)

Here ® is the combination of tensor product and matrix multiplication, I, is the identity
matrix and capital indices 7, J run from 1 to 2n. The Hopf coordinate algebra SO(2n, R)
is the quotient O(SO(2n,R)) = O(M(2n,R))/1y with I the bialgebra ideal defined by

AM)=M&M |, eM)=1ly, for M= (My):= <(a"j) U’Z’”).

lo = (M'QM - @; MQM'~ Qi i)~ 1), Q= (] ) - =0

The *-structure in O(M (2n,R)) is M* = QMQ ™! so that I is a *-ideal. The x-bialgebra
O(SO(2n,R)) is a *-Hopf algebra with antipode S(M) := QM'Q~'.

The algebra A := O(SO(2n,R)) is an O(SO(2n,R))-comodule algebra with coaction
the coproduct A. The corresponding Hopf-Galois extension C C O(SO(2n,R)) is trivial
and has gauge group

Ga~ ({a:0(SO(2n,R)) — C algebra maps}, *), (4.25)

the set of characters of O(SO(2n,R)) with group multiplication the convolution product.

Next we consider a 2-cocycle y on a maximal torus in O(SO(2n,R)). Let O(T™) be the
commutative x-Hopf algebra of functions on the n-torus as considered in Example 310
It is a quotient Hopf algebra, a “subgroup” of O(SO(2n,R)), with projection

7w M — diag(Ty) := diag(ty, .. . tn, t],...t)).

The 2-cocycle v on O(T™) given in (4.24)) lifts by pullback to a 2-cocycle on O(SO(2n,R)),
that we still denote by ~,

Y (Mry @ Myyr) =y (m(Mry) @ m(Mkr)) = v (Tr ® Tk ) 6100k L-
The twisted Hopf algebra H., = O(S0(2n,R)), has product ([£3):
My Mg, =~v(T1 @ Tk) MryMgry(Ty @ T%).
Since v (17 ® Tx) = 7 (T ® T7), the generators in O(SO(2n,R)). obey relations

My Mip = (v (T1 @ T) 7 (Ty @ Ty) )QMKL w M.
Explicitly, for A\;; = exp(2in6;;), these read
Qij oy Gkt = Nk A1y Gkl oy Gij 5 Qi oy by = AN by oy @i
Qjj *~ b = )\ik)\jl b y Qg5 Qi oty a’,;l = )\ki)\jl a;;, y Qij oy
bij  brr = NikAij ki~ bij 5 bij oy by = Akidji by o by
together with their x-conjugated. Moreover,
Mo Qo uM=Q, MyQ M =Q, det,(M)=1
with quantum determinant

det’Y(M) = Z (_]‘)IJI ( H )\O'IO'J) M10'1 Ty e Ty MQnUgn .

0'673271, I<J
or>o0yg

The twisted Hopf algebras O(SO(n,R)), were studied in [27, 28| [§] (see also [1, §4.1]).
The comodule algebra (A = O(SO(2n,R)),A) is deformed to a comodule algebra
(A, = 0O(SO(2n,R)).,, A) with product (£9). On the generators one has

Mpyo, Mg = MMy (T, @1y),
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and hence they have commutation relations

Miyo, Mg, = (T ® TL))2 My, oy My;.

Explicitly,
* *
Qij Oy Ak = Aij Gpy O Qij Qg 8y by = Aij by &4 a5
* *
Q5 @~ bkl = >\jl bkl o, Ai; , QAjj O Ay = >\jl Ay O Qjj
* *
bij o, bkl = )\lj bkl o, bij y bij o, bkl = )\jl bkl o, bij

with their ¥-conjugated. The O(SO(2n, R)),-Hopf-Galois extension C C O(SO(2n,R)),,
is cleft (but no longer trivial) and has gauge group G4 isomorphic to G4 in (£25). O

Remark 4.18. We stress that the gauge group G4, is not the group of characters of
the braided Hopf algebra H. associated with the Hopf algebra H, = O(SO(2n,R)),
(see comment after Lemma_BB]). Indeed H, ~ H_ is genuine noncommutative. The
generators of the algebra H. have product (LIS):

My Mgp = MryMyr, 5 (S(T1)T; @ S(Tk)T1)

where we used that the product - coincides with that in H = O(SO(2n,R)) since R is
trivial. By using the properties of the abelian cocycle 7 this product leads to commutation
relations

Myy = My = (3(Ty @ Tie) y (Tr ® T) y (Tr @ Tp) 7 (T @ Tp) ) “Micr, =, My

We see that in general the algebra H, ~ H_ is noncommutative, with less characters

than the commutative algebra H = O(SO(n, R)).

Example 4.19. Noncommutative principal bundles over affine varieties. For a principal
G-bundle, 7 : P — P/G, with G a semisimple affine algebraic group and P, P/G affine
varieties, as in Example we consider the O(G)-Hopf-Galois extension O(P/G) C
O(P). Given a 2-cocycle v on O(G), the gauge group of the twisted O(G),-Hopf-Galois
extension O(P/G) C O(P),, is isomorphic to the gauge group of 7 : P — P/G. O

4.5. Tensoring Hopf—Galois extensions.

The fiber product of a G-principal bundle P — M with a G'-principal bundle P’ — M
gives a G x G'-principal bundle P x,, P" — M. The corresponding gauge group is
the product of the initial gauge groups. In view of the next examples, we consider the
analogue of this fiber product construction for Hopf—Galois extensions. Let H and K be
Hopf algebras and consider an H-Hopf-Galois extension B = A®” C A and a K-Hopf-
Galois extension B = A’“K C A’ of an algebra B. Assuming that B is in the center of
both A and A’, the balanced tensor product A ®g A’ inherits an algebra structure from
the tensor product algebra A ® A’. It is a comodule algebra for the Hopf algebra H @ K
(with usual tensor product algebra and coalgebra structures) with coaction

549 A@pA 5 ARpA @HRK |, a®pd — ag ®pd e ®ay, dg,.

Then B = (A®pA')°HEE) C Agp A is an (H ® K )-Hopf-Galois extension; indeed the
corresponding canonical map has inverse

X! h®@k h™” @p k™ @ h™ @p k<> € (A®pA) @ (AxpA’) .

holeHR K

Here 7 (h) = h='> ®p h=*> and 7k (k) = k<'> @ k<*> denote the translation maps of the
Hopf-Galois extensions B = A" C A and B = A'“°K C A’
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If (H, R) and (K, R') are coquasitriangular then (H ® K, R") is coquasitriangular with
R’'"=(R® R)o(id®flip®id), where flip: K@ H —- H® K, k® h+— h® k. Moreover,
if Ae AY and A € AL then AwpA € ATCR,

Proposition 4.20. Let (H, R) and (K, R') be coquasitriangular Hopf algebras. Let B =
A°H C A € .A(HR and B = A'°K C A" € Agf’R/) be Hopf-Galois extensions, with
the additional assumption that A is flat as a right B-module and A’ is flat as a left
B-module. Then the gauge group of the tensor product (H ® K)-Hopf-Galois extension
B = (A®pA)®HEK) C Ay A is isomorphic to the direct product of the gauge groups
of the Hopf-Galois extensions B = AT C A and B = A/“K C A':

Gagpa =~ Ga X Gar . (4.26)

Proof. We consider gauge transformations as vertical automorphisms and show there is
a group isomorphism

AUtB(A Xp Al) ~ AUtB(A) X AutB(A’)
implemented by the map
Fr:aw— Fp(a) :=F(a®p la)
F = / / ! / /
Fio:d' — Fi(d) =F(la ®pd)
In order to show that the image of the algebra map Fy is in A ~ A®p B we first observe
that the short exact sequence defining A"°K
; Ay ’ ’
0— B = Aok 1y g0 O IO 1 (58 idy @) C A @K — 0

and B-flatness of A imply the exactness of the sequence

i AT _id
O—)A A@BB ida®pi A®B A/ dA@B(5 dA ®77K)

— Im(idy @5 (6% — idy @ Nk ) CARE A @K — 0 .

Then F(a ®p 14) € A®p B ~ A follows by showing that F(a ®p 14/) is in the kernel
of idy ®p (64 — ida ® 1), an easy consequence of the (H ® K )-equivariance of F and
the identity (idg,a ® eg ® idg)6%34 = idy ®p 6. Moreover, H-equivariance of Fy
follows from the identity (idg,a ® idy ® 5K)5A®BA/ = (id4 ®p flip) o (64 ®p ida/).
Similarly one finds that the algebra map F} is a K-equivariant map A’ — B A’ ~ A'.
The map F — (Fp, Fp) is an isomorphism with inverse (F,F') = F¢ gy := F®p F'.
This is a left inverse: F — (Fp,Fp) — Fp ®p F. = F because Fy(a) ®p Fip(a') =
(Fp(a)®p1)(1®p Fp(d) =F(a®pla)F(la®pd) = Fla®pd). It is easily seen to be
a right inverse as well. (F,F')—F @pF = (Fr g p, Frgp) = (F,F). O

Ezample 4.21. Let H = O(SU(2)) be the Hopf coordinate algebra of the affine algebraic
group SU(2) and let O(S™) denote the coordinate algebra of the classical sphere S™.
It is well-known that A = O(S7) is a Hopf-Galois extension of B = O(S5*) for the
coaction of H dual to the classical principal action of SU(2) on S7 defining the SU(2)-
Hopf bundle over S*. The module A = O(S7) is flat over B = O(S*) (it is actually
faithfully flat). Let K = O(U(1)) be the Hopf algebra of coordinate functions on U(1)
and consider the trivial Hopf-Galois extension B C B ® K. Again B ® K is flat as a
B-module. In accordance with the theory above, we consider the Hopf-Galois extension
for the Hopf algebra O(SU(2)) @ O(U(1)) ~ O(SU(2) x U(1)) with comodule algebra
O(ST) @ B® O(S') ~ O(S) @ O(S!) ~ O(S” x S') (with obvious coaction of O(U(1))
on O(S')) and subalgebra of coinvariant elements again B = O(S5*).
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By Proposition {20}, the commutative Hopf Galois extension O(S*) C O(S7) @ O(S?)
has gauge group Go(s7y X Gosnegoway- Here Gogry is the gauge group of the SU(2)-
principal bundle 57 — S*, while Gosneoway = {f : O(U(1)) — O(S*) algebra maps}
is the gauge group of the trivial U(1)-principal bundle over S4.

We have been working with affine varieties (noncommutative polynomial algebras of
coordinates given by generators and relations). Completion in the smooth category gives
the gauge group of the principal SU(2) x U(1)-bundle S7 x S' — S%. Being the latter
the product of the gauge group of the SU(2)-Hopf bundle and the group of U(1) valued
functions on S*, the smooth completion of the gauge group of the commutative Hopf-
Galois extension O(S*) C O(S7) ® O(S!) is this classical gauge group. O

Example 4.22. We present a twisted version of the previous example. To this aim we
first twist the Hopf x-algebra O(SU(2)) ® O(U(1)). The commutative Hopf *-algebra
O(SU(2)) of coordinate functions on SU(2) is generated by the entries of the matrix

U = CCL Z , with ¢ = —b*, d = a* and aa* + bb* = 1. The commutative Hopf x-algebra

O(U(1)) of coordinate functions on U(1) has generators w, w*, with ww* = w*w = 1.
Consider then the tensor product Hopf *-algebra O(SU(2)) ® O(U(1)) and the Hopf *-
ideal I = (b® 1,c®1). The quotient Hopf algebra O(SU(2)) ® O(U(1))/I is easily seen
to be isomorphic to the Hopf x-algebra O(T?) of functions on the 2-torus:
OSUR))@OWUO)/I~O(T?), (a®@1)—t, (1@w)t,.
The 2-cocycle v on O(T?) is the one given in ([{24); we choose the convention
Yt ®t) =y (ta®@t;)" = exp(in3f) . (4.27)
Via the quotient map 7 : O(SU(2)) ® O(U(1)) — O(SU(2)) ® O(U(1))/I ~ O(T?) it
lifts to a 2-cocycle v on O(SU(2)) @ O(U(1)) defined, for all £,¢' € O(SU(2))® O(U(1)),
by (see [1, Lem.4.1})
YR L) =7 (x() @ 7(Ll)).
With this 2-cocycle we deform the Hopf algebra O(SU(2)) @ O(U(1)) to the new Hopf
algebra (O(SU(2)) ® O(U(1))),, with product given in [£.3). Working out the commuta-
tion relations, one finds this Hopf algebra to be generated by the elements
a:=a®1l, b:=b®1, w:=1®w, (together with a*, b*, w") (4.28)
where a is central (and so is a*), modulo the further commutation relations
b b =b"b, wow=w-w, by,w=qw-,b, b,w =qw b, (429)

with ¢ := exp(27i #), and modulo the relations

aya"+b,b"=1, w,w =1. (4.30)

Counit and coproduct are undeformed and given by £(a) = 1, €(b) =0, e(w) = 1 and
Ala)=a®a—-b®b", Ab)=ab+bac", Aw) =wlw. (4.31)

The antipode, S, := u, * S * U, where u, and @, are in (£4), on the generators reads
S,(a) = S(a) = a, S, (b) = S(b) = —b, S, (w) = S(w) = w". (4.32)

We next deform the Hopf-Galois extension of Example L2 to a new Hopf-Galois
extension over B = O(S*) with Hopf algebra just (O(SU(2)) ® O(U(l)))v' The to-
tal space is the noncommutative algebra (O(S7) ® O(S 1))7, deformation of the algebra

O(ST)® O(S!) as in (£3). Explicitly, since O(S7) ® O(S?!) is the commutative *-algebra
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generated by z;, 27, for j = 1,2,3,4, and w, w”, then ((9(57) ® O(Sl))y is the noncom-
mutative *-algebra generated by z;, 27, and w, w*, modulo the commutation relations

Zj @y 2y = 2,9, 2j;  zj e w =exp(—inh) we,z;; zje,w=exp(ind) we,z;, (4.33)
for each j,k =1,...,4 (and their x-conjugates), and the relations
4
Zz;o,yzjzl ; we,w=1. (4.34)
=1

Thus the subalgebras O(S7) and O(S!) remain commutative, and the noncommutativity
can therefore be ascribed just to the tensor product in (O(S7) ® O(Sl))y ~ O(S"x S,
suggesting the notation O(S7) ®, O(S"). Indeed this algebra is of the same type as those
obtained in [I5] as noncommutative products of spheres, there denoted O(S” x., S').
By Proposition [4.11] we conclude that the gauge group of the Hopf—Galois extension
O(S*) C (0(ST) & 0(51)% is isomorphic to that of the commutative Hopf-Galois ex-
tension O(S*) C O(S7) @ O(S?) described in the previous example (that is, the gauge
group of the SU(2)-Hopf bundle times the group of U(1) valued functions on S*). O

Example 4.23. Reduction of the “structure group”. Given any odd dimensional sphere
S2n=1 the cartesian product S?"~! x S! carries a diagonal action of Z,, with the non
trivial generator of the latter sending a point on a sphere to its antipodal point. The
quotient (S?"~! x S')/Zs is a copy of S*"~1 x St . if z, z;, j =1,...,n, are coordinates
on S*'~1 with 377 | 2¥z; = 1 and w is the coordinate of S' with w*w = 1, coordinates
for the quotient are given by x; = z;w and y = (w*)%.

On the other hand, with the group structures of S* = SU(2) and S' = U(1), the
quotient group (SU(2)xU(1))/Zs is isomorphic to the group U(2). Consider the principal
SU(2) x S* bundle S7 x S — S%. The subgroup Z, of SU(2) x U(1) acts on S x S* as
above by flipping antipodal points; then the quotient leads to an (SU(2) x U(1))/Zy =~
U(2) bundle with total space (S7 x S1)/Zy ~ ST x S' and base space still S*. O

We next present an Hopf-Galois description of this construction that also applies to
the noncommutative Hopf-Galois extension O(5*) C (O(57) ® O(Sl))y and leads to an

O(U,(2))-Hopf-Galois extension, with corresponding gauge group.

Ezample 4.24. Twisting Example [[.23. The x-algebras (O(SU(2)) ® O<U(1>))v and
(05" ® O(Sl))y are both Zy-graded with the generators that are odd, while the com-
mutation relations, determinant and radius relations (£29)-(#30) and (E33)-#34) are

even; the x-involutions are grade preserving.

Firstly, consider the Zo-invariant x-algebra (O(S7) ® (9(51))32 C (0(5") ® (9(51))7.
It is easy seen to be generated by the elements x; := z; o, w and y := w* o, w*, and their
*-conjugates o and y*, modulo commutation relations induced by (Z33):

T;0 Ty = Tp @, T, Tje Yy = (qyUe,T;, IT;e,y = q_lyoyx; ,
(with their x-conjugates) and radius relations Ej z;e, vy =1, ye, y" =1 induced by
([@34). Here g = exp(2mif). We see that (O(S7) @ (9(51))32 is again a deformation of
the algebra of coordinates of the affine variety S” x S as in (433), but with different
noncommutativity parameter ¢ = exp(2mi @) rather than exp(—in 0).
Next, the even s-subalgebra (O(SU(2)) ® (’)(U(l)))f2 is also a Hopf x-subalgebra of

(0(SU(2) ® O(U(l)))y since the coproduct and the antipode are grade preserving and
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hence restrict to the even subalgebra. This Hopf x-subalgebra is easily seen to be the
algebra generated by the elements

a=ayw, f=byw, D=w-,w, (4.35)
and their x-conjugated elements o* = w* -, a*, 8* = w* -, b*, D* = w* -, w*, modulo the
commutation relations induced by (4.29), which are worked out to be

anf=q'a, a8 =¢6a,

D,a=a-,D, D-,a"=a"-D,

DwB=q78+D, Dp =qp D (4.36)
(together with their x-conjugates) and the relations

aa"+p-,=1, D-,D"=1. (4.37)
When restricting the coproduct in (4£31]) to the subalgebra one obtains:
Ala) =a®@a—q¢Bx(B*-,D), Ap)=axf+p(a",D), A(D)=D®D. (4.38)

Similarly, restricting the counit one has e(a) = 1,e(f8) = 0,e(D) = 1, and finally for the
antipode (432) one finds

S(a) =a", S5(B) =—q(B D7), S(D)=D" (4.39)

Paralleling the classical result for the group (SU(2) x U(1))/Zy ~ U(2), the Hopf *-
algebra (O(SU(2)) ® (’)(U(l)))f2 (with the structures in (£.38) and (£39)) is isomorphic
to the cotriangular quantum group O(U,(2)) (the multiparametric quantum group U, ,.(2)
with r = 1, see e.g. [28,27]). We recall that O(U,(2)) is generated by the matrix entries,

u = (3 g) , and by the inverse D! of the quantum determinant D = ad — ¢~ 137.

These generators satisfy the FRT commutation relations R{;lukmuln = uikuﬂRl,fm, with
matrix R = diag(1,q7', ¢, 1). Explicitly, we have

af=q'fa; ay=qra; Bo=qoB; W =q '0v; By=¢B; ad=da
aD'=D"'a; BD'=¢ D7 'p; AD'=¢D 'y D '=D71§. (4.40)

The costructures are A(u) = u®@u, A(D™') = D' ®@ D!, and e(u) = Iy, (D7) =1,
while the antipode is

- 0 —qlﬁ) ~1
S(u)=D7! , S(DH=D. 4.41
w=o (0, 7" () (4.41)
The *-structure defining the real form O(U,(2)) requires the deformation parameter to
be a phase, we set ¢ = exp(27if) as in ([£29). The *-structure is then given by

(3 ?) =D (_q{ilﬁ _(37) ., (DY)'=D. (4.42)

The defining relations (£36) and (£.37) are the same as the FRT commutation relations

(440) and the relations D = ad — ¢ '3y, DD™! = 1 with 6 = Da* and v = —¢q~ ' D"

as given in ([A42)). The costructures and antipode too in (£38) and (39) are those of

O(U,(2)), thus showing the isomorphism (O(SU(2)) ® (Q(U(l)))f2 ~ O(U,(2)) as Hopf
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x-algebras. We have obtained the quantum group O(U,(2)) from the “quantum double
cover” (O(SU(2)) ® (’)(U(l)))ﬁ/ﬂ Finally, the coaction

(0(S") ® O(Sl))v — (0(5) @ O(Sl))v ® (0O(SU(2)) x (Q(U(l)))7
is even and therefore, restricted to (O(S7) ® O(Sl))?, defines an O(U,(2))-coaction
(O(ST) 2 O(81)) 7 = (O(5) ® O(51))* ® O(U,(2)).

It then follows that the subalgebra O(S*) C ((’)(SU@O(SI))W of ((9(5U(2))®(’)(U(1)))y-
coinvariants, being even, coincides with the subalgebra O(5*) C (O(S7) ® O(S 1))32 of
O(U,(2))-coinvariants. Furthermore, since the canonical map of the initial Hopf-Galois
extension O(S*) C (O(S7) (X)O(Sl))7 is even, the extension O(S*) C (O(S7) ®(9(51))32
is Hopf-Galois as well.

We further observe that the O(U,(2))-Hopf-Galois extension is a 2-cocycle deforma-
tion of the commutative O(U(2))-Hopf-Galois extension: the 2-cocycle on O(U(2)) =~

(O(SU(2) ® (’)(U(l)))Z2 is the restriction of the one on O(SU(2)) ® O(U(1)). The
corresponding deformation of (O(S7) ® (9(51))Z2 via the O(U(2))-coaction is then the
deformation of (O(S7) ® (9(51))Z2 C O(S") ® O(S!) via the O(SU(2)) @ O(U(1)) coac-
tion. From Proposition [£.11] we conclude that the gauge group of this noncommutative
O(U,(2))-Hopf-Galois extension is undeformed. O

APPENDIX A. THE CANONICAL MAP AS A MORPHISM OF RELATIVE HOPF MODULES

As mentioned in §2.7] for a generic Hopf algebra H (that is, not necessarily coquasi-
triangular), the canonical map (2.I]) of a Hopf-Galois extension B C A,

x=m®id)o ([d®z d*): A®p A — A H, d®@ga— dag @ ay,
was shown in [I], §2] to be a a morphism in the category 4M 4 of relative Hopf modules.

It was proved in [29, §1.1] that y is a morphism in M 4" when A®p A and A® H are
seen as objects in M4 with right A-module structures

(a®@pad)d :=a®pdd and (a® h)d =ad, @ hd, (A.1)
and right H-coactions: for all a,d’,a” € A, h € H,
a®@pd —»a®d,®d, and a®@h—a®hg ® hgy,. (A.2)

Moreover, y is a morphism in 4 M when A ®5 A and A ® H are considered to be
objects in 4 M with left A-module structures given by left multiplication on the first
factors and right H-coactions: for all a,a’ € A, h € H,

In [I, §2] both A ®p A and A ® H were shown to be objects in 4 M4, with x a
morphism in the category 4 M4 of relative Hopf modules. As already recalled in §2.1]
the left A-module structures are the left multiplication on the first factors and the right
A-actions as in (A.]). The tensor product A ®p A carries the right H-coaction in (Z.2)):

!The coproduct ([@38) and antipode [@39J) also show a semidirect structure of the Hopf -algebra
O(U4(2)) that corresponds to the semidirect product SU(2) x U(1) ~ U(2) ~ (SU(2) x U(1))/Zs,
obtained by decomposing U (2) matrices as (: ?) = (_Sﬁ* Dﬁa*) = ((1) g) (_aﬁ* a*) .
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for all a,a’ € A. The right H-coaction on A ® H is given by (24)): foralla € A, h € H,
S (@@ h) = ap @ he @ agy S(hay) he € A® H® H . (A.5)

These two approaches can be related: the coactions (A.4]) and (AH) can be obtained
as the compositions of the coactions (A.3) and (A.2)) in the sense of the following lemma.

Lemma A.1. Let (V,61,05) be a relative Hopf module in M™H | that is V is a K-module
endowed with two coactions 61 : v +— Vg @ vy, and o : v = v @ v of an Hopf algebra
H compatible in the sense that

that is for allv eV
(V™) @ (V) , @V = (V)" ® vy ® (V)" (A7)
Then the compositions
§001 = (idy @ mp) o (5 ®@idy) 061 v (V)" ® (Vi) vy (A.8)
0100y := (idy @ my) 0 (6 ®idg) 0dy: v (V) @ (017) 0" (A.9)

(1)
define new coactions on V.

Proof. Notice that condition (A7) is symmetric for the exchange d; > d2 and so it is
enough to prove the result for (say) ¢ := dp0d;. It is easy to verify that (idy ®e)od = idy.
We have to show that (idy ® A)od = (§ ®idy) 0. Let v € V, then

(idy ® A) 08(v) = (v6)"” ® A(vi)) V)
= (00)” © ((v0)™) 4,0y @ (V) ™) ) Ve
= (1) ® (V) Vv ® (V) Vv
where we used the fact that d, is a comodule map:
v ® (v<1))(1) ® (v“))@) (v (0))<0> ® (v<0))<1> Qv = 0@ @ ® ©yp®
for v € V. On the other hand
(0 @idpg) 0 8(v) = 3((vi) ) @ (vi0) vy
= ((00) ™))" © (1) ™) 0)) " (¥6) ) ) © (v0)) " 0ty
= (b)) )y @ ((00) ™)™ () ™)) ) © (v0)) " 00y
((Um))( )(0) ® (U(O))(l)((v(m)m))(l) ® (U(0>)(2)U(1)

where the third equality follows from the condition (A7) on (v,)"™ and the last one from
the fact that d, is a comodule map. By using once again condition (A7) on v, we obtain

(0 ®idy) o d(v) = ((U(O))(O))(O) ® ((U(O))(O))(l)(z}(o))(l) ® (vi0)) v
= (v0)” ® (V) vy ® (V)P vy

where the last equality uses that d; is a comodule map. By comparison with the formula
obtained before for (idy ® A) o §(v) we can conclude that § is a comodule map. O

On the H comodule A®p A, with §; the coaction in ([A.2)) and J; the coaction in (A.3)),
the condition (A7) is satisfied and their composition 0y o d1, defined as in ([A.§), is just
the coaction in (A.4). On the other hand, on the H comodule A ® H with coactions d;
as in (A.2) and §, as in (A.3), condition (A7) is satisfied as well and their composition

2 0 07 is the tensor product coaction in (AT]).
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A.1. The translation map as a morphism of relative Hopf modules. The condi-
tion for the canonical map x to be a morphism of relative Hopf modules can equivalently
be expressed in terms of its inverse. In particular, it allows to infer the following properties
of the translation map x|, =7: H = A®p A (cf. [3, Prop.3.6]).

The condition that y~! is an H-comodule map with respect to the H-coactions in
(A2)is x o (id®A) = (id ®p 64) o x~1. This identity, restricted to 1 ® H, implies the
following property of the translation map:

(id®pé)or=(r®id) o A .

That is, 7: H - A®p A is an H-comodule map for H with coaction given by A (that
is the coaction in ([A.2) restricted to 1 ® H) and A ® g A with coaction as in (A.2).

Similarly, the condition for x~! to be a morphism in M¥ with respect to the H-
coactions in ([A.3]) gives

[(id ® flip) o (0¥ ®p id)] o7 = (T ®id) o [(id ® S) o flip 0 A] .

Finally, being x|,,, a comodule morphism with respect to the H-coactions (A4) and
(A25), one obtains that
6494 o 1 = (1 ®id) o Ad .
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